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Abstract. 

 

Parkinson’s Disease (PD) is pathologically characterized by the progressive loss 

of nigrostriatal dopaminergic neurons and aberrant accumulation of the pre-

synaptic protein αSynuclein (αSyn). Several factors have been proposed to trigger 

αSyn aggregation, resulting αSyn-induced neurotoxicity. Here, the working 

hypothesis is to assess how the interplay between αSyn and an altered dopamine 

metabolism may contribute to the pathogenesis of PD. A relevant role has been 

assigned to the dopamine metabolite 3,4-dihydroxyphenylacetaldehyde (DOPAL), 

whose neurotoxic action has been supported by several experimental models. 

Being an aldehyde, DOPAL covalently modifies lysine residues of proteins, thus 

αSyn is considered a preferential target due to the high percentage of lysines in its 

sequence, its unfolded state and abundance at synapses. In vitro and cellular 

studies demonstrated that DOPAL triggers αSyn oligomerization, prevents αSyn 

association to synaptic vesicle membranes and affects synapse physiology. Of 

note, some lysines on αSyn sequence that were identified as DOPAL-modified, 

are also reported as target of functional post-translational modifications that 

regulate αSyn proteostasis. 

On this ground, we aimed to investigate the consequences of DOPAL build-up in 

neurons on both αSyn and cellular proteostasis, in a wider perspective. To 

address these issues, cellular biology and biochemical studies were coupled with 

advanced imaging techniques, like the correlated light and electron microscopy 

(CLEM), which allows to map the αSyn localization, both at cellular and supra-

molecular level. As cellular models, we worked on both rat primary cortical 

neurons and the catecholaminergic BE(2)-M17 cells. 

Here, we provided evidence of a DOPAL-dependent αSyn redistribution in the 

neuronal compartments, from the peripheral terminals to its axonal trafficking to 

the soma. These observations were also linked to the assessment of αSyn 

affected clearance in the presence of DOPAL. Interestingly, DOPAL appeared to 

promote the αSyn loading in the multi-vesicular bodies (MVBs) of the endosomal 
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pathway and the αSyn accumulation within perinuclear lysosomes, both in its 

monomeric and oligomeric forms. 

Since αSyn oligomers are known to affect protein degradation systems 

functionality, we aimed to unravel the hypothesis of a synergistic effect of αSyn 

and DOPAL on a general impairment of cellular proteostasis. Indeed, increasing 

concentrations of DOPAL treatment in BE(2)-M17 cells led to a dose-dependent 

accumulation of ubiquitinated proteins and the autophagic marker p62, suggesting 

a potential impairment of the proteasome and the autophagic flux, respectively.  

Finally, we recently started to explore a translational approach to control DOPAL-

associated toxicity. Specifically, we used biguanidine molecules as aldehyde 

scavengers, i.e. aminoguanidine and metformin, that are already in clinical 

practice. So far, preliminary experiments confirmed the ability of aminoguanidine 

to slow-down DOPAL-induced αSyn in vitro oligomerization. Also, both 

aminoguanidine and metformin treatments reduced the accumulation of p62 

caused by DOPAL in BE(2)-M17. Given these promising results, the beneficial 

effect of these compounds against the DOPAL-associated neurotoxicity will be 

further investigated. 

In conclusion, DOPAL build-up in the cellular environment causes impaired αSyn 

trafficking, αSyn aggregation and decreased clearance. At the same time, DOPAL 

appears to affect protein degradation systems functionality, which would result in 

overall impaired neuronal proteostasis. Finally, the DOPAL-induced overload in 

MVBs together with the blockage of autophagy might promote the secretion of 

DOPAL-modified αSyn through exosomes, spreading these toxic species in the 

surrounding environment. On this ground, a therapeutic approach to target 

DOPAL neurotoxicity on site and to promote protein turnover might be of interest.  
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1.1 Protein dyshomeostasis as common theme in  

neurodegenerative diseases. 

 

The sustained amelioration in the quality of life due to the advancement of  

medicine and science is leading to a remarkable increase in the life expectancy of 

the population, that has overcome 80 years in industrialized countries. The 

improvements in people life style and the quality of the health care systems highly 

reduced the risk of pandemic infections, which have been replaced by cancer and 

cardiovascular diseases as the main causes of death. Besides them, 

neurodegenerative diseases are rising in their incidence among the population 

globally, with a great impact in our society. 

The most common neurodegenerative diseases are Alzheimer’s Disease (AD) that 

affects around 5-8% of people over 60 years old (source: World Health 

Organization), followed by Parkinson’s Disease (PD), Amyotrophic Lateral 

Sclerosis (ALS), Dementia with Lewy Bodies (DLB) and Huntington’s Disease 

(HD). In most cases, these pathologies present a late onset at around 60 years of 

age and are associated with a slow and long prognosis. They are characterized by 

a plethora of phenotypes, including dementia and cognitive dysfunctions, 

psychological breakdown and motor impairments. Despicably, several unresolved 

questions on their pathogenesis are still challenging the identification of specific 

biomarkers for early diagnosis and the development of effective disease-modifying 

treatments to ameliorate the quality of life and expectations of the patients and 

their families.  

At pathological level, neuronal loss is observed in diverse brain regions, with 

different severity and clinical implications according to the disease (Table 1.1). 

Interestingly, these pathologies are defined proteinopathies, as a common theme 

is represented by the impaired regulation of protein homeostasis in neurons, with 

consequent accumulation and aggregation of proteins and neurotoxic outcomes 

(Ciechanover and Kwon, 2015).  
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Table 1.1 Neurodegenerative diseases: proteins and pathology.  

Ross and Poirier, Nat Med 2004. 

 

1.1.1 Protein quality control in neurons. 

Neurons are post-mitotic cells, which implies that they are more sensitive to 

accumulation of aberrant proteins, as they cannot dilute the toxic components 

during cell division. Hence, neurodegeneration becomes an irreversible process: 

whatever insult that cannot be handled and controlled would lead to irreparable 

damage and cell death. To overcome this issue, neurons are equipped with highly 

specialized protein quality control machineries, that are tightly regulated to avoid 

the aberrant accumulation of misfolded and aggregated proteins and to maintain 

the proper homeostasis during the life-time of the individual.  

The proteome homeostasis, or proteostasis, refers to a complex network of 

pathways that ensure the equilibrium among synthesis, folding, post-translational 

modifications, specific subcellular localization, protein-protein interactions and 

protein clearance.  
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In physiological conditions, misfolded proteins are recognized by chaperone 

molecules that take care of the protein refolding, assembly and disassembly or 

targeting for degradation (Feldman and Frydman, 2000). When chaperones fail to 

restore their physiological conformation, aberrant and aggregated proteins are 

rapidly and efficiently disposed by the protein degradation systems (Fig. 1.1).  

 

 

Figure 1.1 The regulation of neuronal proteostasis by different pathways. Chaperone proteins 

assist in the proper folding of the newly synthetized or handling misfolded proteins. In case the 

correct conformation is not acquired, the misfolded proteins are targeted to the proteasomal 

degradation by specific ubiquitin modifications or to the lysosomes by the chaperone-mediated 

autophagy. Large aggregates are engulfed by the autophagosomes and sent to the lysosomes in 

the macroautophagy or sorted into the vesicles of the MVBs that further release the exosomes in 

the extra-cellular space. In the orange boxes, the age-induced alterations on the different steps and 

components of the protein quality systems are indicated. UPS, ubiquitin-proteasome system, APG-

LYS, autophagosome-lysosome; HSC70, heat-shock cognate protein of 70kDa; L2A, lysosome-

associated membrane protein type 2A. Kaushik and Cuervo, Nat Med 2015. 
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Briefly, misfolded proteins can be targeted to the proteasomal degradation by 

specific ubiquitination patterns on their lysines residues (mono-ubiquitination, poly-

ubiquitination mediated by K11 and K48 linkages). Alternatively, the degradation is 

mediated by the autophagic machinery through different pathways. In the 

macroautophagy, poly-ubiquitination by K63 linkages mediate the recognition of 

the substrate by the adaptor protein p62, which vehicles the ubiquitinated protein 

to the auto-phagosomal structures. The mature autophagosome then fuses with 

the lysosomes, where the acidic pH and the lysosomal proteases digest the 

content. Otherwise, soluble proteins can be directly sorted into the lumen of the 

lysosomes by the chaperone-mediated autophagy (CMA). Proteins that contain a 

specific amino acidic recognition motif KFERQ are identified by the chaperone 

HSC70, which vehicles the substrate to the LAMP2A receptor on the lysosomal 

membrane and the translocation in the lysosomal lumen.   

Protein aggregates are mainly degraded by the macroautophagy, after being 

engulfed by the auto-phagosomal structures. Alternatively, they are sorted into 

intra-luminal vesicles within the multi-vesicular bodies (MVBs), by the invagination 

of the membrane of late endosomes. The MVBs then either fuse with the 

lysosomes to degrade their content or with the plasma membrane, releasing the 

vesicles as exosomes in the extra-cellular space.  

A continuous cross-talk among all these pathways, post-translational modifications 

and involved chaperones and enzymes is essential in maintaining the required 

protein homeostasis in neurons (Ji and Kwon, 2017). Interestingly, the 

ubiquitination can be considered a unifying element that links the ubiquitin-

proteasome system (UPS) and the selective autophagy. The ubiquitin pathway is 

extremely complex as it presents various levels of regulation and specificity 

among the enzymes that conjugate the target proteins with the ubiquitin 

molecules, in the so called “ubiquitin code” (Rajalingam and Dikic, 2016). Diverse 

combinations of mono-ubiquitination and poly-ubiquitination can be composed, 

that correspond to both proteolytic and non-proteolytic functions (Chen and Sun, 

2009). Also, high levels (about 60%) of free monomeric ubiquitin are present in 

neurons, which may serve as a reservoir to mediate rapid responses to cell 

stimulation, stress and aberrant protein burden (Hallengren et al., 2013). 
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An additional level of complexity derives from the specialized neuronal 

compartmentalization among the soma, dendrites, axons and synapses. This also 

reflects a specific topographic distribution of the protein quality control 

machineries. In the periphery, the protein clearance is mainly taken care by 

chaperones, the E3-ubiquitin ligases, the deubiquitinating enzymes (DUBs) and 

the proteasomes (Wang et al., 2017). Whereas, large protein aggregates and 

dysfunctional organelles are packaged into autophagic vacuoles and MVBs, to be 

retrogradely transported to the cell body and degraded by the lysosomes 

(Hollenbeck, 1993; Larsen and Sulzer, 2002). More recently, the idea of the 

autophagic process active at the pre-synaptic terminals has been proposed 

(Vijayan and Verstreken, 2017). 

 

1.1.2 Impaired proteostasis in neurodegenerative diseases. 

Ageing represents the greatest challenge for the maintenance of the protein 

homeostasis in neurons. In Fig.1.1, the major age-induced alterations in the 

different steps and components of the protein quality control pathway are 

pinpointed. This is reflected by the decreased availability of chaperones and 

enzymes and the decreased functionality of the protein degradation systems in 

general (Kaushik and Cuervo, 2015). 

Therefore, misfolded proteins progressively build-up, and the aggregation process 

overcome the degradation capacity in the diseased neurons. Thus, aggregated 

αSynuclein (αSyn) in PD, Amyloid β and Tau in AD, huntingtin (HTT) in HD, 

Superoxide Dismutase 1 (SOD1) and TAR DNA-binding protein 43 kDa (TDP-43) 

in ALS, progressively evolve into β-sheet enriched amyloid structures, that 

become insoluble and further deposit into intracellular or extracellular inclusions 

(Ross and Poirier, 2004). Also, these proteins are physiological substrates of both 

the UPS and the autophagy-lysosomal pathway (ALP) but then acquire a gain-of-

toxic function as they affect the proteolytic pathways themselves (Ciechanover 

and Kwon, 2015). The accumulation of the toxic aggregates triggers a cascade of 

many other neurotoxic mechanisms, above all mitochondrial dysfunction and 

oxidative stress, that hinder the neuronal homeostasis at multiple levels. 
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Figure 1.2 Representative images of neuropathological lesions in neurodegenerative 

diseases. The lesions are characterized by the deposition of abnormal proteins in fibrillar amyloid 

structures and they can be intranuclear, cytoplasmic or extracellular. In the figures, the lesions were 

immunolabeled with the indicated antibody, except d where the neuritic plaque was silver stained. 

Ross and Poirier, Nat Med 2004. 

 

 

 

1.2 The case of Parkinson’s Disease. 

 

Among the neurodegenerative disease, PD is known as the most common 

movement disorder. It currently affects about 1% of the population over 65 years 

old and more than 4-5% over 80 (Dawson and Dawson, 2002; Tysnes and 

Storstein, 2017). At present, 6 million people are estimated to be affected by PD, 

with a higher prevalence in Europe, North America and South America. However, 

the projections state that this number will double by 2030 (Dorsey et al., 2007). 

It was described two centuries ago by the English neurologist James Parkinson in 

his “An Essay on the Shaking Palsy” of 1817, where he characterized a disorder 

as paralysis agitans (later renamed in his honor), with the features and the 

symptoms that are still used in the diagnosis of PD. 
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1.2.1 Parkinson’s Disease as a complex syndrome. 

PD is an age-related and severe neurodegenerative disease with a multi-factorial 

pathology. Most of the cases are classified as sporadic with an undefined etiology, 

while only about 15% of cases have genetic causes. Hence, PD is now defined as 

a syndrome rather than a single distinct disease, due to the high heterogeneity 

among patients in terms of onset, symptoms, genetics and pathology.  

The neurodegeneration process gradually interests different regions of the brain, 

although it mostly affects the nigrostriatal circuits in the midbrain. This results in 

the typical motor symptoms, as the nigrostriatal pathway is involved in voluntary 

movement coordination of the body. Indeed, after the loss of more than 80% of 

the dopaminergic neurons in the SNpc, parkinsonian syndrome manifests (Sulzer 

and Surmeier, 2013; Zarow et al., 2003).  

The main clinical features are defined as the nigrostriatal T.R.A.P., which stands 

for:  

• Tremor: shaking of the hands while they are at rest; 

• Rigidity: muscle stiffness and resistance to movement; 

• Akinesia/bradykinesia: difficulty initiating voluntary body movements; 

• Postural instability: loss of postural stability that causes falls and a feeling of 

unsteadiness. 

Figure 1.3 Clinical symptoms and time course of Parkinson’s Disease progression.  

Kalia and Lang, Lancet 2015.  
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Additional non-motor features are also described in the early stages of the 

disease, but they are frequently present up to twenty years before the appearance 

of the motor symptoms and the first diagnosis (Fig. 1.3). These include olfactory 

dysfunction, cognitive impairment, psychiatric symptoms, sleep disorder, 

autonomic dysfunction (Kalia and Lang, 2015). Along with the disease 

progression, further complications arise, causing significant disability that cannot 

be easily managed by the current therapies available. 

The diagnosis of PD is usually based on the medical history and evaluation of the 

patient’s symptoms. Several efforts have been made to improve the diagnostic 

criteria and the identification of specific biomarkers that would allow an early 

diagnosis. Unfortunately, the currently available therapies, both pharmacological 

and surgical, are only symptomatic and aim to replace the dopamine (DA) 

reservoir and action in the nigrostriatal pathway (L-DOPA, DA agonists, inhibitors 

of DA catabolism). Another line of research is more oriented in finding disease-

modifying therapy. The most important is the immunotherapy to target αSyn extra-

cellular toxicity by specific antibodies, that are already in clinical trials. Also, the 

use of compounds that activate the protein degradative pathways to avoid the 

accumulation of misfolded and aggregated proteins are rising interest in the 

research community, although they are still in pre-clinical phase.   

 

1.2.2 Etiology and pathogenesis in Parkinson’s Disease. 

As for the other neurodegenerative diseases, the greatest risk factor for the 

development of PD is age, followed by gender, ethnicity and environmental factors 

like pesticide and neurotoxin exposure (i.e. MPTP, rotenone, paraquat), prior head 

injury and rural living (Kalia and Lang, 2015). 

Nevertheless, the contribution from the genetics in the etiology of PD has been 

widely stated. Since the discovery of mutations in the SNCA gene (encoding the 

αSyn protein) in familial forms of PD (Polymeropoulos et al., 1997), at least 23 loci 

and 19 disease-causing genes have been identified as cause of monogenic forms 

of PD with mendelian inheritance (Table 1.2), defined as PARK loci.  
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Table 1.2 Gene locus and disease-causing genes of Parkinson’s Disease.  

Adapted from Deng at al., Ageing Res Rev 2018.  

 

Among them, the genes SNCA (point mutations and gene multiplication), Leucine-

rich repeat kinase 2 (LRRK2) which encodes for a kinase mainly involved in the 

regulation of membrane trafficking, VPS35 which encodes for a protein of the 

lysosomal pathway, and others mediate autosomal dominant forms of PD; while 

Parkin, PINK1 and DJ-1, all proteins involved in the mitochondria physiology and 

oxidative stress regulation, are associated with autosomal recessive inheritance. 

Furthermore, many genetic variants in a high number of loci have been identified 

as risk factors in sporadic PD. Among them, the most established are variations in 

SNCA, LRRK2, GBA (β-glucocerebroside) and MAPT (Microtubule-associated 

Protein Tau) genes. Recently, the largest-to-date genome wide association study 

(GWAS) for PD identified 93 variants in 78 loci as risk factors, which are believed 

to explain the 26-36% of the heritable risk of PD (Nalls et al., 2019).  
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A unique aspect of PD is that while the PARK loci encode for proteins with diverse 

physiological functions (sometimes unknown) and different relative abundance in 

neuronal and non-neuronal cells in the brain, mutations in their sequence have an 

impact in several molecular pathways that all converge to accumulation of 

misfolded proteins, mitochondrial dysfunction, oxidative stress (Fig. 1.4), 

frequently observed also in idiopathic PD cases (Schneider and Alcalay, 2017). 

On this ground, a multiple-hit hypothesis for PD pathogenesis has been put 

forward, that may explain both similarities and divergences among PD forms 

(Carvey et al., 2006; Sulzer, 2007). According to this hypothesis, all the risk 

factors concomitantly affect neuronal homeostasis resulting in progressive 

degeneration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Pathways to Parkinson’s Disease. The study of the physiological functions and the 

effects of the mutations on PARK loci helps unravelling the cellular pathways that are affected in the 

pathology. Above all, the accumulation of aggregated αSyn, the impairment of the endo-lysosomal 

pathway and proteasomal dysfunction; the disruption of the axonal transport; impaired synaptic 

vesicles trafficking and DA release; oxidative stress and mitochondrial dysfunction.  

Farrer, Nat Rev Genet 2006.  
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1.2.3 The preferential vulnerability of the nigrostriatal neurons. 

One of the main questions that keeps puzzling researchers in the field, is about 

the identification of the causative factors responsible for the higher susceptibility of 

the dopaminergic neurons of Substantia Nigra pars compacta (SNpc), that leads 

to the degeneration of their projections to the striatum and further the motor 

phenotype (Fig. 1.5).  

  

Figure 1.5 Progressive degeneration of SNpc neurons. Transverse sections of the midbrain at 

different clinical stages of PD. The normal distribution of TH-immunopositive dopaminergic neurons 

is shown in the left panels, and the pattern is schematized in the right panels. The heavily 

pigmented neurons of the Substantia Nigra pars compacta (SNc, in green) are associated with a 

greater cell loss compare to the neurons of the ventral-tegmental area (VTA, in blue) and the 

Substantia Nigra pars reticulata (SNr, in pink). Adapted from Surmeier et al., Nat Rev 2017.  

 

As Surmeier and colleagues recently reviewed, the analysis of morphological, 

functional and molecular peculiarities of the SNpc dopaminergic neurons is 

starting to shed some light on their uniqueness and preferential vulnerability in PD 

compared to other brain regions, like the neighbor ventral-tegmental area and 

Substantia Nigra pars reticulata  (Brichta and Greengard, 2014; Sulzer and 

Surmeier, 2013; Surmeier et al., 2017a). As main features, SNpc neurons present 

an intrinsic low calcium buffering capacity and the ability to perform pace-making 

activity (Surmeier et al., 2017b). This requires a considerable energy demand, 

which is challenged by the decreased mitochondria supply compared to other 

neuronal populations (Liang et al., 2007). Interestingly, less anti-oxidant defenses 

are present in the nigral neurons, resulting in a higher vulnerability oxidative stress 

caused by mitochondrial dysfunction. 
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Moreover, the SNpc neurons carry the machinery to metabolize and catabolize 

DA, the neurotransmitter synthetized and secreted in the nigrostriatal pathway. 

Indeed, the endotoxicity derived from increasing DA levels, DA oxidation and its 

reactive catabolites, is recognized as one of the major causes of oxidative stress 

in PD (Bisaglia et al., 2010, 2013, 2014; Chen et al., 2008; Lotharius and Brundin, 

2002).  

DA synthesis occurs from tyrosine via a two-steps enzymatic reaction, mediated 

by the tyrosine hydroxylase (TH) which produces L-DOPA, that is further 

converted into DA by the aromatic L-amino acid decarboxylase (AADC). Once 

synthetized, DA is rapidly loaded into synaptic vesicles by the vesicular 

monoamino transporter type-2 (VMAT2) to store the neurotransmitter into an 

acidic environment to avoid DA oxidation (Meiser et al., 2013). Hence, DA levels in 

the cytoplasm are strictly regulated, as an equilibrium among synthesis, synaptic 

vesicle loading, uptake from the extracellular space and catabolic degradation 

(Bisaglia et al., 2013). 

Recently, an impressive work by Burbulla et al. provided a link between the 

mitochondrial and lysosomal dysfunctions that underline the degeneration of the 

SNpc in PD (Burbulla et al., 2017). By using dopaminergic neurons derived from 

patients with familial and idiopathic PD as model, the authors demonstrated that 

elevated mitochondrial oxidative stress (i.e. generated by a loss of function in DJ-

1, PARK7) induces DA oxidation and relative toxic cascade. Among the 

consequences, DA oxidation elicits the accumulation of neuromelanin aggregates, 

impairs the activity of the lysosomal enzyme glucocerebrosidase (GCase), an 

important PD risk factor, and leads to lysosomal dysfunction. Interestingly, similar 

observations were found in neurons from patients carrying mutation in other PARK 

loci, specifically mutant parkin, PINK1, LRRK2 and αSyn triplication. Lysosomal 

dysfunction then results in accumulation of aggregated αSyn, which can in turn 

affect the functionality of protein degradation systems, leading to defective 

mitophagy, calcium dyshomeostasis and a noxious feedback loop between 

mitochondria and lysosomes. 
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1.3 αSynuclein impaired proteostasis in Parkinson’s 

Disease. 

 

1.3.1 αSynuclein in Lewy Bodies.  

αSyn represents a paradigmatic example of misfolded protein accumulation and 

impaired proteostasis associated with neurodegeneration. The first observation of 

aggregated αSyn in neurons came out from the analysis of autoptic samples of 

patients with PD and DLB. In that study by Spillantini et al., the presence of fibrillar 

aggregates of αSyn were detected by the immunostaining with an antibody 

against αSyn in structures identified as Lewy Bodies (LB) (Spillantini et al., 1997).   

LBs, first described in 1912 by Frederic Lewy in post-mortem PD patients’ brains, 

are defined as spherical eosinophilic cytoplasmic inclusions, with a dense core 

surrounded by a pale halo 10 nm wide (Fig. 1.2e-f). Although αSyn fibrils 

represent the major constituent of LBs, many other proteins are found, reflecting a 

general impaired proteostasis in the diseased neurons. The main represented 

include mediators of protein trafficking, SNARE proteins and pre-synaptic proteins; 

chaperones i.e. 14-3-3 and HSP70; proteins related to the degradative pathways 

i.e. p62, proteasome subunits, ubiquitin, ubiquitin-activating enzyme E1; Amyloid β 

and Tau (Wakabayashi et al., 2013). Also, LBs are highly enriched in lipids, 

vesicular structures and dysmorphic organelles (Shahmoradian et al., 2019). 

The presence of LBs in brain tissues is commonly associated to PD. However, the 

accumulation and deposition of αSyn amyloid fibrils are observed also in DLB, 

Multiple System Atrophy (MSA) and Pure Autonomic Failure (PAF), defined 

collectively as Synucleinopathies. These pathologies differ for both the clinical and 

pathological points of view, as the LBs lesions are present in different type of cells 

(i.e. in oligodendrocites in MSA). Also, according to the disease progression, LBs 

pathology is diffused in various regions of the central nervous system (basal 

ganglia nuclei, hypothalamus, cortex, cerebellum, olfactory bulb, spinal cord), 

which led to the formulation of the Braak’s hypothesis for staging of the disease 

(Braak et al., 2003). 
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1.3.2 αSynuclein physiology. 

αSyn is a small protein of 140 amino acids, encoded by the SNCA single gene of 

seven exons, located in chromosome 4q22.1 (Shibasaki et al., 1995). It was first 

described by Maroteaux in 1988 as a neuron-specific protein localized in the 

synapses and the nucleus (Maroteaux et al., 1988). Specifically, αSyn accounts 

for 0.5-1% of the total soluble brain proteins (Iwai et al., 1995) and it is highly 

concentrated (~40 µM) in pre-synaptic terminals of neurons (Wilhelm et al., 2014). 

Structure and conformational states. According to its amino acidic sequence, 

αSyn primary structure can be divided into three domains (Fig. 1.6). The N-

terminal domain (residues 1-60) contains five imperfect repeats of eleven amino 

acids, containing the consensus motif KTKEGV, that confers a propensity to an α-

helical folding of this region. The central domain (residues 61-95) was defined the 

non-amyloid beta component (NAC) as it drives the folding in β-sheet-enriched 

and aggregation of αSyn in the fibrillar structures that are found in LBs. This 

segment includes two additional KTKEGV repeats and assists the N-terminus in 

the αSyn membrane-binding. The C-terminus (residues 96-140) is highly enriched 

in acidic residues and prolines, providing flexibility to the peptide. This portion is 

also thought to be the principal protein-protein and protein-small molecules 

interaction site and modification site by metal ions.  

 

Figure 1.6 αSyn structure, when associated to micelle membrane (PDB: 1XQ8). The N-terminal 

domain (green) contains KTKEGV repeats where human missense mutations (indicated in red) are 

associated. The central hydrophobic domain (NAC) is in blue and the C-terminal acidic domain is in 

purple. Ubiquitination (lys), nitration (tyr) and phosphorylation (ser and tyr) sites are indicated in 

yellow, pale blue and orange, respectively. Adapted from Ottolini et al., Biol Chem 2017. 
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αSyn is a dynamic protein, in constant equilibrium among different conformers. It 

is considered a natively unfolded protein when it exists as soluble monomer in the 

cytoplasm (Breydo et al., 2012). Instead, the N-terminus domain can acquire a 

partial helical folded state, that is thought to mediate the association of αSyn with 

negatively-curved membranes like synaptic vesicles, modulating their curvature 

(Fusco et al., 2018; Middleton and Rhoades, 2010). This is mediated by the many 

positive-charged lysine residues that drive the interaction with the acidic 

headgroup of the phospholipids on the membranes. Interestingly, the mutations 

that are associated with genetic forms of PD (A30P, E46K, H50D, G51D, A53T, 

A53E) are not randomly distributed, as they map in this specific region (Fig. 1.6) 

and hinder the membrane-binding of αSyn due to their different biochemical 

properties (Dettmer, 2018). In addition, Burrè and colleagues proposed that αSyn 

assembles into tetrameric structures when bound to the synaptic vesicles (Burré 

et al., 2014), even though the exitance of this functional conformation is still under 

debate (Fauvet et al., 2012).  

 

Function at the synapse. The definition of αSyn physiological function at the pre-

synaptic level keeps challenging researchers in the field. αSyn localization on the 

pre-synaptic vesicles membrane (Boassa et al., 2013) underscores its role in the 

regulation of the vesicles trafficking and clustering in synaptic vesicle pools (Burre' 

et al., 2010; Janezic et al., 2013; Vargas et al., 2017). In addition, αSyn was 

showed to promote the SNARE complex assembly and vesicles docking to the 

active zone (Burre et al., 2010); more recently, a specific role in promoting the 

dilation of the exocytotic fusion pore has been demonstrated (Logan et al., 2017). 

To understand the physiological role of αSyn on synapse architecture, αSyn 

knock-out and αSyn-overexpressing mouse models have been used. Importantly, 

both the triple knock-out mouse lacking all three synuclein isoforms (alpha, beta 

and gamma, to exclude any compensation by the other two isoforms – Syn-TKO) 

and the αSyn-overexpressing mouse model (αSyn-OVX) display alterations in 

synapse architecture (Vargas et al., 2017) and in neurotransmitter release (Fig. 

1.7). In particular, αSyn overexpression results in impaired vesicles clustering with 

reduced vesicles density at the active zone; fast and incomplete exocytotic fusion 
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pore dilation and pore closure; consequent decreased DA release in the striatum, 

weakening the nigrostriatal pathway (Janezic et al., 2013; Logan et al., 2017; 

Nemani et al., 2010).  Conversely, in the Syn-TKO mouse, more pronounced DA 

release was detected, potentially due to an accumulation of synaptic vesicles in 

the ready-releasable pool, prolonged exocytotic fusion pore dilation, faster 

neurotransmitter release and pore closure (Anwar et al., 2011; Logan et al., 2017; 

Senior et al., 2008). In addition, PD-related mutations affect the tethering among 

synaptic vesicles and the active zone (Vargas et al., 2017) and negatively 

modulate the activity of αSyn in the exocytotic events (Logan et al., 2017). Taken 

together, these observations lead to the concept that although αSyn is not a 

limiting factor in the synaptic activity, it is essential for maintaining the proper 

balance in neurotransmitter release and synaptic vesicles distribution. 

 

 

Figure 1.7 Effects of αSyn on synapse functionality. Under physiological conditions, αSyn 

ensures the correct balance of DA release in the striatum by binding to synaptic vesicles 

membrane, regulating vesicles mobility and the exocytotic events. However, upon αSyn 

dyshomeostasis, which includes both αSyn accumulation or its absence, the synaptic vesicles 

distribution among the different pools and the neurotransmitter release are altered. Adapted from 

Masato et al., Mol Neurodegen 2019. 
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Clearance. Different proteolytic pathways are involved in αSyn clearance, both 

intracellular and extracellular (Stefanis et al., 2019). Aside cytosolic proteases i.e. 

calpain and neurosin (Fig. 1.8e-f), intracellular monomeric αSyn is primary 

degraded by the proteasome by multi-mono-ubiquitination by the E3-ubiquitin 

ligase SIAH (Rott et al., 2017), by poly-ubiquitination mediated by K48 linkages or 

though ubiquitin-independent mechanisms (Fig. 1.8a-b). Alternatively, monomeric 

αSyn can be recognized by the chaperone HSC70 on its CMA-recognition motif 

95VKKDQ99, that vehicles αSyn to the LAMP2A receptor on the lysosomal 

membrane (Cuervo et al., 2004) (Fig. 1.8c).  

 

  

Figure 1.8 Proteolytic pathways implicated in αSyn degradation. Intracellular αSyn can be 

targeted to the proteasomal degradation by ubiquitin-dependent (A) and ubiquitin-independent (B) 

mechanisms or conveyed to the lysosomes by CMA (C). Whereas, aggregated αSyn is mainly 

disposed by the macroautophagy (D). Alternatively, αSyn can be directly digested by the 

cytoplasmic proteases i.e. calpain and neurosin (E,F). Finally, αSyn ca be secreted outside the cell 

where can be degraded by extracellular proteases i.e. neurosin and metalloproteinases (G, H). 

Xilouri et al., Mol Neurobiol 2013. 
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In the periphery, a fraction of αSyn is likely to be degraded by the proteasome or 

local proteases. Furthermore, αSyn was also detected within the endo-lysosomal 

pathway in MVBs (Boassa et al., 2013), that probably mediate the retrograde 

transport of αSyn to the cell body to be degraded by the lysosomes (Fig. 1.8d). 

Tofaris and colleagues identified the ubiquitin ligase Nedd4 as the most relevant 

for αSyn ubiquitination, promoting αSyn degradation by the endosomal-lysosomal 

pathway (Tofaris et al., 2011). Nedd4 recognizes C-terminus of αSyn that contains 

the required proline-rich motif and synthesized K63-linkages on lysines-21 and -96 

of αSyn. This process enhances the degradation of membrane-bound αSyn by the 

lysosomal pathway, through the recruitment of the endosomal-sorting complex 

required for transport (ESCRT) that mediates the loading of ubiquitinated proteins 

into endosomes. Interestingly, K63-linked ubiquitin conjugates are found in LBs, 

suggesting a PD-related impairment of this pathway (Alexopoulou et al., 2016). 

Although small soluble oligomers can be digested by the UPS, large oligomeric 

forms are likely to be degraded by the ALP. Lysosomal cathepsins B, C and L 

together contribute to the degradation of αSyn within the lysosomes, however their 

efficiency was found decreased towards αSyn fibrils (McGlinchey and Lee, 2015).  

αSyn clearance from neurons also includes the secretion to the extracellular 

space. This could happen through various proposed mechanisms: by secretory 

vesicles; by loading into early endosomes with direct secretion to the extracellular 

space once the recycling endosome fuses with the plasma membrane; finally by 

incorporation of αSyn into intraluminal vesicles of the MVBs that can be released 

as exosomal vesicles (Danzer et al., 2012; Fonseca et al., 2015). SUMOylation on 

lysine 96 and lysine 102 is thought to mediate the sorting of αSyn into extra-

cellular vesicles (Kunadt et al., 2015). Once αSyn is released in the extracellular 

space, it can be digested by extracellular proteases i.e. the neurosin KLK6 o 

metalloproteinases MMP9 and MMP3 (Fig. 1.8g-h). Alternatively, αSyn can be 

internalized by the surrounding cells by endocytosis, trans-synaptic dissemination 

and membrane-receptor-mediated access (Lashuel et al., 2013). Notably, this 

process represents a detrimental pathway of αSyn toxic species transmission from 

diseased neurons to healthy ones, spreading and accelerating the progression of 

the pathology and triggering neuroinflammatory responses.  
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1.3.3 αSynuclein aggregation and neurotoxicity. 

αSyn concentration in neurons is strictly regulated as a balance of synthesis, 

degradation and secretion. However, in Synucleinopathies, several factors can 

hinder αSyn proteostasis, leading to αSyn accumulation and further aggregation 

(Lashuel et al., 2013). At the level of expression, duplication and triplication of the 

SNCA gene (associated with hereditary forms of PD), some SNCA variations and 

DNA methylation state result in increased rate of synthesis. On the other hand, 

failure of protein degradation systems and dysfunctional chaperones decrease the 

αSyn turnover and the degradation of small oligomers. Finally, additional factors 

promote αSyn aggregation i.e. SNCA mutations, oxidative stress, certain post-

translational modifications (PTMs), toxins exposure i.e. 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) or rotenone, and association with lipids or metal ions. 

In other words, αSyn concentration and sequence drive the aggregation process: 

whatever element modulates the two aspects, it can be considered a causative 

factor of αSyn aggregation. 

The unique property of αSyn is that, while highly dynamic in its natively unfolded 

monomeric state, it can acquire various conformational states (Alam et al., 2019). 

Under certain conditions, αSyn monomers can assemble in dimer, trimer, tetramer 

and small oligomers (Fig. 1.9). These can serve as nucleating seeds for the 

evolution into on-pathway oligomers, proto-fibrillar structures and finally mature 

amyloid fibrils that are found in LBs. Interestingly, diverse types of αSyn fibrils 

were identified, with different biochemical and structural features, levels of toxicity 

and propagation properties. These observations were translated into the idea of 

different strains of αSyn fibrils that might reflect the differences in the progression 

and cell types affected in the various Synucleinopathies (Bousset et al., 2013; 

Peelaerts et al., 2018). Otherwise, the small oligomers can follow an off-fibrillar 

pathway generating aggregates with heterogenous structure, dimension and 

stability. The real issue is that the study of the αSyn aggregation process in test 

tubes can be easily modeled, while the detection and identification of specific 

oligomeric and fibrillar structure in vivo in tissues are a totally different game, that 

urge for the development of innovative experimental tools to shed some light into 

the topic. 
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Figure 1.9 Aggregation pathways of αSyn. αSyn monomer exists in two states, i.e., solution 

(natively unstructured) and membrane-bound state (partially helical conformation). In pathological 

conditions, the monomeric αSyn converts into oligomers (on-pathway or off-pathway) via partially 

folded nucleating structures. The on-pathway oligomers eventually convert into highly ordered 

cross-β-sheet amyloid fibrils whereas the fate of the off-pathway oligomers is unclear. Under 

different assembly/solution conditions, native proteins can form different types of amyloid fibrils, i.e., 

fibrillar strains. Adapted from Mehra et al., BBA 2019. 

 

It is reasonable to think that a fraction of αSyn monomers constantly assemble 

into oligomers, that are rapidly degraded by the proteolytic machineries. Until the 

oligomer concentration increases up to a threshold above which the cell cannot 

deal with them. Thus, the accumulation of αSyn aggregates in the cells results in 

the gain-of-toxicity feature we mentioned before, affecting several cellular 

pathways prior to cell death (Wong and Krainc, 2017). 

The main important neurotoxic effects are related to alterations in the structural 

components of the cells, i.e. disruption of cytoskeleton network, alterations of the 

plasma membrane integrity and pore formation on membrane of organelles, that 

might induce calcium dyshomeostasis, releasing of lysosomal enzymes and 

dysregulation of synaptic transmission. Second, accumulation of αSyn toxic 

species results in endoplasmic reticulum (ER) stress and impairment of the protein 

degradation pathways at different levels (Xilouri et al., 2013). Finally, complex I 

inhibition and mitochondria dysfunction appear to be strongly correlated with 

αSyn-induced toxicity. In Fig. 1.10 additional details on the cellular pathways that 

are affected by αSyn toxicity are reported.  
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Figure 1.10 Pathways implicated in α-synuclein toxicity: Organelle dysfunction (a, purple 

boxes), defects in inter-organelle contacts (b, blue box) and dysfunctional organelle dynamics (c, 

green box). Adapted from Wong and Krainc, Nat Med 2017. 

 

 

1.3.4 The synergy between αSynuclein and dopamine. 

Taken together, the preferential loss of SNpc dopaminergic neurons and the 

deleterious accumulation of aggregated αSyn in the surviving ones posed the 

question whether DA and αSyn could synergistically act to cause the degeneration 

of these specific neuronal population. Humorously, αSyn and DA were recently 

defined the “Bonnie and Clyde in Parkinson’s Disease” (Roy, 2017). 

This nickname derived from years of studies that pointed out the tight interplay 

between αSyn and DA at the pre-synaptic terminals of SNpc neurons. Indeed, 

αSyn has been demonstrated to modulate the DA pathway, in terms of negative 

regulation and inhibition of TH and AADC enzymes (Perez et al., 2002; Tehranian 

et al., 2006) and altered distribution of the DA transporter (DAT) on the plasma 

membrane (Bellucci et al., 2011). 
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Importantly, increasing levels of oxidized DA at the synapse were demonstrated to 

generate αSyn spherical oligomers that are not able to evolve into fibrils (Conway 

et al., 2001; Mazzulli et al., 2006; Norris et al., 2005). These oligomers have a 

non-covalent nature and result from the interaction of oxidized DA and 

dopachrome with the peptide sequence 125YEMPS129 at the C-terminus of αSyn 

(Norris et al., 2005). Of note, the DA-induced αSyn oligomers were showed to 

impair several cellular processes i.e. disruption of cytoskeletal organization, 

alteration in membrane permeability, impairment of the synaptic vesicles 

trafficking and SNARE complex assembly, mitochondrial dysfunction and inhibition 

of the CMA degradative pathway (Cuervo et al., 2004). 

A recently published paper provided in vivo evidence of the DA-induced αSyn 

oligomers formation in the nigrostriatal neurons (Mor et al., 2017). Specifically, the 

authors injected a viral vector encoding for the mutant TH with enhanced catalytic 

activity (TH-RREE, which leads to an increase of DA production) into the SNpc of 

the transgenic mouse αSyn-A53T. After 5 months post-injection, they observed a 

motor phenotype and significant synapse loss prior to soma degeneration, 

modelling the dying-back hypothesis of dopaminergic neurons in PD. These 

observations were correlated with the presence of αSyn soluble and toxic 

oligomers, potentially induced by the enhanced oxidized catechols in the neurons. 

Certainly, DA autooxidation to quinones generates high levels of reactive oxygen 

species (ROS) that affect many cellular processes and modulate αSyn propensity 

to aggregation. However, the DA-induced αSyn aggregates present a non-

covalent nature, mainly induced by conformational changes in the C-terminus 

(Mazzulli et al., 2006; Mor et al., 2017). Although in vitro incubation of recombinant 

αSyn results in oligomers generation, the precise chemistry of a DA modification 

of αSyn in vivo has not been defined yet.  
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1.4 Impaired dopamine metabolism in the pathogenesis of 

Parkinson’s Disease. 

 

In the last decades, the concept that a dyshomeostasis of catechol amines may 

lead to endotoxicity has been extended to DA catabolites, as many studies 

revealed altered levels of DA metabolites in PD models and autoptic samples 

(Goldstein et al., 2014). Among the several metabolites monitored, attention was 

focused on 3,4-dihydroxyphenylacetaldehyde (DOPAL), a toxic DA catabolite.  

 

1.4.1 The neurotoxic action of 3,4-dihydroxyphanylacetaldehyde (DOPAL). 

As showed in Fig. 1.11, DA catabolism starts with the oxidative deamination, a 

reaction mediated by the mitochondrial monoamine oxidase (MAO), which also 

generates H2O2 and ammonia. The resulting product, DOPAL, is further 

metabolized either to 3,4-dihydroxyphenylacetic acid (DOPAC) and 3,4-

dihydroxyphenylethanol (DOPET) by aldehyde dehydrogenase (ALDH) or by 

aldehyde/aldose reductase (ALR/AR), respectively. 

 

Fig. 1.11 DA catabolism. In dopaminergic neurons, DA catabolism starts with deamination by 

MAO, resulting in DOPAL production. The aldehyde moiety is then converted into the carboxyl 

group of DOPAC by ALDHs and, to less extent, into the hydroxyl group of DOPET by ALR/ARs 

(thinner arrow). Masato et al. Mol Neurodegen 2019. 
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The unique feature of DOPAL is its high reactivity due to the presence of the two 

mojeties in its molecular structure. These are the aldehyde and catechol, which 

can both contribute to DOPAL reactivity toward proteins (Fig. 1.12). The first one 

targets mainly primary amines and the second thiols (Follmer et al., 2015; Rees et 

al., 2009). Of interest, the two moieties do not act independently of each other, 

being that the oxidation of the catechol ring enhances the Schiff base reaction 

between the aldehyde moiety of DOPAL and primary amines (Anderson et al., 

2016). Also, the oxidation of the catechol is required for the addiction of thiols to 

the aromatic ring. This implies that DOPAL is prone to covalently modify amino 

acid residues i.e. lysines and cysteines. Hence, DOPAL reactivity is estimated to 

be several order of magnitude higher than the other catecholamines (Anderson et 

al., 2011). 

 

Fig. 1.12 DOPAL reactivity. (a) DOPAL addiction to lysines is the result of a Schiff-base reaction 

between the aldehyde and the primary amine of the lysine’s lateral chain, with the release of a 

molecule of water. (b) In oxidative conditions, the catechol group has the tendency to auto-

oxidation, with production of quinones and oxygen radical species. Also, the oxidized catechol is 

reactive towards the thiols of cysteines. Masato et al. Mol Neurodegen 2019. 

 

Although DOPAL is a physiological intermediate in DA catabolism, it resulted to be 

an endogenous neurotoxin (Mattammal et al., 1995). DOPAL concentration in 

SNpc dopaminergic neurons has been estimated to be around 2-3 μM but 

concentrations higher than physiological (>6 µM) have been described as a 

threshold to elicit cytotoxic effects in various cell lines (Marchitti et al., 2007). 
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Afterwards, the work of Burke et al. in 2003 provided substantial evidence of 

DOPAL neurotoxicity in vivo (Burke et al., 2003). DOPAL injection in rat nigral 

dopaminergic neurons resulted in detrimental neuronal loss, more pronounced 

than that induced by administration of DA or its metabolites (DOPAC, DOPET, 

HVA). More recently, a post mortem study on sporadic PD patients’ brains 

revealed DOPAL build-up relative to DA in the putamen of PD subjects compared 

to healthy controls (Goldstein et al., 2011). 

Based on its high reactivity, DOPAL is believed to trigger several neurotoxic 

mechanisms. First of all, DOPAL modification of lysines and cysteines leads to  

protein cross-linking and resulting aggregation, as demonstrated by several in vitro 

and cellular studies (Burke et al., 2008; Follmer et al., 2015; Plotegher et al., 

2017; Rees et al., 2007, 2009). Also, lysine residues are often target of functional 

PTMs (i.e. ubiquitination, SUMOylation, acetylation) that are important in the 

regulation of protein clearance and subcellular localization. Hence, the DOPAL 

modification of the same residues might compete with these PTMs, leading to 

protein burden and impaired signaling pathways.  

Second, protein modification by DOPAL has deleterious outcomes in terms of 

enzyme activity. To generalize, any enzyme with an accessible functional 

cysteines or lysines in the active site is susceptible to inactivation by DOPAL, with 

important upshots on the metabolic pathways of interest. For instance, a 

proteomic study on PC6-3 cells identified TH as target of DOPAL, leading to 80-

95% inhibition of TH activity (Mexas et al., 2011). 

Finally, additonal down-stream effects have been highlighted, above all oxidative 

stress, mitochondrial dysfunction and cell death. The direct participation of 

DOPAL in oxidative stress has been investigated, as DOPAL catechol group has a 

propensity to auto-oxidase to semiquinone radicals and ortho-quinones similar to 

DA (Anderson et al., 2011). The resulting ROS production (Fig. 1.12) is expected 

to exacerbate the oxidative stress in neurons, leading to DNA damages, protein 

cross-linking and lipid peroxidation. Also, DOPAL quinones could covalently 

modify mitochondrial proteins, possibly affecting mitochondrial physiology (Van 

Laar et al., 2009).  
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In this frame, these seminal observations prompted the formulation of the 

Catecholaldehyde Hypothesis, which underscores the key role of DOPAL in the 

molecular mechanisms responsible for SNpc degeneration in PD (Burke et al., 

2003; Lamensdorf et al., 2000; Li et al., 2001; Mattammal et al., 1995; Panneton 

et al., 2010; Rees et al., 2007).  

 

1.4.2 Evidence of DOPAL build-up in Parkinson’s Disease. 

Several evidence in the literature support the hypothesis of DOPAL anomalous 

accumulation and consequent neurotoxicity. The primary site of DOPAL build-up 

is the pre-synaptic terminals, where the critical hubs are the dysfunction of DA 

storage in synaptic vesicles, as it would result in cytosolic DA build-up, raised 

DOPAL production and increased risk of catechol oxidation. Moreover, DOPAL 

accumulation might be due to an increased rate of DA deamination by MAO and 

decreased DOPAL catabolism.  

DA leakage in the cytoplasm. Some PD-related conditions are thought to 

compromise a proper DA storage in pre-synaptic vesicles. A key player is the DA 

transporter VMAT2, whose activity was found to be reduced of about 90% when 

assessed in DA storage vesicles isolated from post mortem PD patients’ SNpc 

compared to healthy subjects (Pifl et al., 2014). Also, two polymorphisms in the 

promoter of the Vmat2 gene (rs363371 and rs363324) were recently associated to 

PD in a case-control study in an Italian subpopulation (Brighina et al., 2013). 

Consistently, a mouse model expressing only 5% of the functional VMAT2 

displayed nigrostriatal degeneration and increased αSyn immunoreactivity in SNpc 

(Caudle et al., 2007). Similar results were obtained in rodent models of PD after 

administration of reserpine, a drug used against high blood pressure and a well-

known VMAT2 inhibitor (Fernandez et al., 2006; Leão et al., 2015; Santos et al., 

2013). On the other hand, a PD-linked mutant form of LRRK2-G2019S has been 

shown to affect synaptic vesicles endocytosis in patient-derived dopaminergic 

neurons, leading to cytoplasmic accumulation of DA and related oxidized 

catechols, as well as increasing levels of αSyn (Nguyen and Krainc, 2018). 
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Increased DA catabolism. Being such a reactive molecule, cytoplasmic excess 

of DA has to be rapidly metabolized by MAO-A and MAO-B. According to different 

studies, MAOs expression exponentially increases with age and it can be 

upregulated, for instance, in neuroinflammation (Camell et al., 2017; Chamoli et 

al., 2018; Nicotra et al., 2004). In PD, MAO-B activity was shown to be enhanced 

(Damier et al., 1996). In addition, some variants of Mao-B gene encode for an 

hyperactive form of the enzyme and are associated to PD cases (Kurth et al., 

1993; Sampaio et al., 2018; Sun et al., 2014). Coherently, a mouse model with an 

inducible overexpression of MAO-B in astrocytes recapitulates many features of 

parkinsonian phenotype i.e. dopaminergic neuronal loss, oxidative stress, motor 

phenotype, αSyn aggregation and neuroinflammation (Mallajosyula et al., 2008). 

Decreased DOPAL detoxification. In SNpc dopaminergic neurons, DOPAL 

degradation primary occurs by oxidation of the aldehyde into a carboxyl group by 

ALDH (Fig. 1.11) (Marchitti et al., 2007). In dopaminergic neurons of SNpc, only 

two ALDH isoenzymes are expressed: the cytosolic ALDH1A1 and the 

mitochondrial ALDH2. In Table 1.3, the main features of both enzymes are 

summarized, in terms of expression and preferential substrates. In addition, the 

main evidence that suggests their role as downstream target as well as 

contributors in PD pathogenesis are listed (Masato et al., 2019). 

Briefly, studies on post-mortem PD patients’ brains revealed a marked decreased 

of the ALDH1A1 enzymes in the SNpc, both at the transcriptomic and protein 

expression levels (Galter et al., 2003; Grünblatt and Riederer, 2016; Mandel et al., 

2007; Werner et al., 2008). These observations were also supported by the study 

on transgenic mouse models carrying the PD-related mutations A53T on αSyn 

and the G2019S on LRRK2, where an age-dependent decline of ALDH1A1 

expression and the transcription factor Nurr1, which regulates the Aldh gene 

expression, were detected (Lin et al., 2012; Liu et al., 2015). Also, ALDH1A1 

activity is thought to be hindered in PD-related conditions. For example, aldehydes 

like 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA) that derive from lipid 

peroxidation induced by oxidative stress, strongly bind to the catalytic site of 

ALDHs and inhibit their activity (Florang et al., 2007; Jinsmaa et al., 2009; Rees et 

al., 2007). 
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  ALDH1A1 ALDH2 
 Tissue 

expression 

Brain, eye lens, retina, lung, liver, kidney, 
testis (Marchitti et al., 2008) 

Liver, kidney, heart, lung, brain (Marchitti et al., 

2008) 

 Subcellular 
localization 

Cytosol (Cai et al., 2014; Liu et al., 2014; 

McCaffery and Dräger, 1994) 
Mitochondrial matrix (Marchitti et al., 2008) 

 Substrates - Retinaldehyde (km <0.1µM) (Yoshida et al., 

1992)  

- DOPAL (km 0.4µM) (Ambroziak and Pietruszko, 

1991; MacKerell et al., 1986; Marchitti et al., 2007)                   
- 4-HNE (km 4.8µM (Xiao et al., 2009); 17.9µM 
(King and Holmes, 1997)) 
- MDA (km 3.5 µM (Xiao et al., 2009); 114.4µM 
(Manzer et al., 2003)) 
- Ƴ-aminobutyraldehyde (800µM) (Ambroziak 

and Pietruszko, 1987) 

- Acetaldehyde (km <1µM) (Klyosov et al., 1996) 

- DOPAL (km 1µM) (MacKerell and Pietruszko, 

1987)                      

- 4-HNE and MDA (Mitchell and Petersen, 1987; 

Reichard et al., 2000; Vasiliou et al., 2004) 

- Ƴ-aminobutyraldehyde (500µM) (Ambroziak 

and Pietruszko, 1987) 

P
D

-r
e

la
te

d
 

Genetic 
variants 

N.A. - Haplotype: rs737280; rs968529; rs16941667; 
rs16941669; rs9971942 (California) (Fitzmaurice 

et al., 2014)    
- Haplotype: rs4767944; rs441; rs671 (China) 
(Zhang et al., 2015)                  
 - rs671 SNP (China) (Zhao et al., 2016) 

Expression 
levels 

Reduced mRNA levels: 
- TH-positive neurons in PD patients' brain 
(Galter et al., 2003; Grünblatt and Riederer, 2016)  
- transgenic A53T mouse striatum (Lin et al., 

2012) 

 
Decreased protein levels: 
- PD patients' brain (Mandel et al., 2007; Werner 

et al., 2008)  

-LRRK2-G2019S knock-in mouse DA neurons 
(Liu et al., 2015) 

N.A. 

Enzyme 
inhibition 

Epidemiological studies:  
- traces of Dieldrin in tissues of exposed PD patients (Corrigan et al., 1998) 

- Benomyl exposure correlates with PD risk (Fitzmaurice et al., 2013)  
 
In vitro: 
- 4-HNE and MDA (Florang et al., 2007; Jinsmaa et al., 2009) 

- DOPAL (>5µM ) (Florang et al., 2007; MacKerell and Pietruszko, 1987) 

- Benomyl (Fitzmaurice et al., 2013) 

 
Cellular models of ALDH inhibition:  
- rat purified synaptosomes treated with 4-HNE and MDA (Rees et al., 2007)  
- SH-SY5Y cells treated with Disulfiram (Legros et al., 2004) 

- Neurons from Daidzin administered hamster (Rooke et al., 2000) 

- PC6-3 cells treated with Dieldrin (Doorn et al., 2014) 
- primary neurons and SK-N-MC cells treated with Benomyl (Fitzmaurice et al., 2013) 

In vivo 
models 

Genetic models:  
- A53T/Aldh1a1-/-mouse (Liu et al., 2014) 
- Aldh1a1-/-/Aldh2-/- mouse (Wey et al., 2012) 
- Aldh1a1-/-/Gpx-/- mouse (Bai et al., 2017) 
 
Toxin-based models:  
- Benomyl intraperitoneally administered mouse (Casida et al., 2014)  
- Benomyl exposed zebrafish embryos (Fitzmaurice et al., 2013) 
- Ziram exposed zebrafish embryos (Lulla et al., 2016) 

 

Table 1.3 Comparison between ALDH1A1 and ALDH2, in terms of expression, biochemistry and 

PD-related aspects. Adapted from Masato et al., Mol Neurodegen 2019. 
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Also, many in vitro and cellular studies highlighted how the exposure to certain 

drugs like the anti-alcohol abuse Disulfiram and pesticides i.e. Benomyl, Dieldrin, 

Ziram results in ALDHs inhibition. This mechanism was confirmed by an 

epidemiological study in California, which associated the exposure to the pesticide 

Benomyl with increased risk to develop PD (Fitzmaurice et al., 2013). Moreover, 

some variants and haplotypes on the ALDH2 gene were associated with PD 

(Fitzmaurice et al., 2014; Zhang et al., 2015; Zhao et al., 2016), although the Aldh 

genes have not been reported  to date in GWAS of PD (Nalls et al., 2019). Finally, 

the development of both genetic mouse models and toxin-based mouse and 

zebrafish models contributed in modelling the role of DOPAL in driving the 

degeneration of dopaminergic neurons of SNpc in PD. Among them, the double-

knock out mouse for both ALDHs (Aldh1a1-/-/Aldh2-/-) displays an age-dependent 

motor phenotype, correlated by a significant increase in striatal DOPAL and 4-

HNE (Wey et al., 2012). 

 

1.4.3 αSynuclein as a preferential target of DOPAL reactivity. 

Starting from the observed reactivity of DOPAL aldehyde against primary amines 

of lysine residues, some groups proposed that the catechol-induced αSyn 

oligomerization was effectively triggered by DOPAL modification on αSyn lysines. 

A pivotal study by Burke et al. in 2008 demonstrated that in vitro DOPAL 

incubation with αSyn monomers triggers a dose-dependent protein aggregation. 

Similarly, SDS-resistant aggregates of αSyn were detected in lysates from SH-

SY5Y cells after administration of DOPAL in the medium. The process was 

observed also in vivo upon direct DOPAL injection into rat SNpc, which resulted in 

dopaminergic neuron loss and accumulation of αSyn high molecular weight 

species (Burke et al., 2008).  

It is reasonable to think that αSyn represents a preferential target of DOPAL 

reactivity for at least three reasons. First, lysine accounts for 10.7% of αSyn 

sequence, which is higher than the average value (around 5%) of the lysine 

fraction in synaptic proteins (Plotegher and Bubacco, 2016). Second, αSyn is 

highly abundant at pre-synaptic terminals where also DOPAL is produced by MAO 
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enzymes on the outer mitochondrial membrane (Meiser et al., 2013). Third, when 

in the soluble monomeric state, αSyn is a natural unfolded protein with good 

accessibility to all its lysine residues, making any potential chemical modification 

more likely.  

Since the results showed by Burke and co-workers, other groups provided further 

insights in DOPAL-dependent αSyn aggregation process. Inhibition of DA uptake 

into synaptic vesicles by reserpine administration to dopaminergic PC-12 cells, 

induced DA cytosolic build-up with consequent cytotoxic accumulation of DOPAL 

and induction of αSyn oligomerization (Goldstein et al., 2012). Furthermore, redox 

active metal ions i.e. Cu, Fe, Mn, whose levels are increased in parkinsonian 

SNpc (Dexter et al., 1989), were shown to accelerate DOPAL-induced αSyn 

oligomerization in PC12 cells (Jinsmaa et al., 2014). On the same ground, in vitro 

assays revealed a modulating effect of N-terminal acetylation and familial 

mutations on DOPAL-induced αSyn oligomerization (Lima et al., 2018). Also, a 

transgenic mouse model for the A53T pathogenic form of αSyn and knock-out for 

the cytosolic ALDH1A1 revealed a significant increase in accumulation of αSyn 

aggregates modified by catechols, isolated by the amino-phenylboronic acid resin 

(Liu et al., 2014). 

Interestingly, very recent publications pinpointed how DOPAL, rather than DA, 

covalently modifies αSyn and exacerbates its oligomerization. This is supported by 

the chemical properties of the molecules involved: in oxidative conditions, the 

quinone form of DA is covalently modify cysteine residues of proteins (Van Laar et 

al., 2009; LaVoie et al., 2005), except αSyn doesn’t have any cysteine in its 

sequence. For instance, the incubation of BSA with 6-OHDA (6-hydroxydopamine) 

which contains several cysteines resulted in protein aggregation, whereas αSyn 

was showed not to be modified by quinones in SH-SY5Y (Farzam et al., 2019). 

Also, in the last paper by Jinsmaa et al., a nIRF assay demonstrated that αSyn 

monomers and oligomers are modified only by DOPAL, which eventually oxidizes 

in its quinone form (Jinsmaa et al., 2019). 

Interestingly, the study by Follmer and colleagues in 2015 identified by mass 

spectrometry the lysine residues of αSyn that seem to be preferentially modified 
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by DOPAL upon in vitro incubation, mainly located at the lysine-enriched N-

terminus of αSyn (Follmer et al., 2015). Coherently, independent experiments 

from our group revealed overlapping results in vitro, but with the observation of 

additional modification sites involving lysine residues in the C-terminal domain 

upon formation of the αSyn-DOPAL adduct within cells. Moreover, in vitro analysis 

revealed that DOPAL triggers αSyn aggregation leading to annular-shaped off-

pathway aggregates, which do not convert to fibrils (Plotegher et al., 2017). 

Hence, in the review article we recently published, we proposed a mechanism 

accounting for the degeneration of the dopaminergic synapse, which is based on 

the observed functional effects of the αSyn-DOPAL interplay (Fig. 1.13). An 

increased level of DOPAL at presynaptic sites promotes the covalent modification 

of αSyn and DOPAL-αSyn monomers exhibit reduced affinity for membrane 

binding (Follmer et al., 2015). Indeed, most of the lysines in the αSyn sequence 

are within the amino acid repeats containing the consensus motif KTKEGV, which 

drives the transition to the alpha-helical conformation of αSyn N-terminus and the 

association to synaptic vesicles membranes (Fusco et al., 2018). DOPAL 

modification of these residues dramatically alters αSyn biochemical and 

biophysical properties, increasing its hydrophobicity at the expense of the positive 

charges. Thus, reducing the membrane-bound fraction of αSyn, DOPAL shifts the 

equilibrium toward an increased fraction of cytoplasmic αSyn-DOPAL, thus 

exacerbating αSyn aggregation.  

This has also a functional implication in the synapse physiology, as DOPAL 

induces a redistribution of the synaptic vesicles among the vesicles pools, with 

more vesicles clustered in the resting pool at the expense of the ready-releasable 

pool (Plotegher et al., 2017).  In addition, we proposed that DOPAL-modified αSyn 

oligomers might be able to form aggregated oligomers that permeabilize the 

membrane of synaptic vesicles, thus inducing the release of DA in the cytoplasm, 

that will be in turn metabolized by MAO into more DOPAL (Plotegher et al., 2017). 

Taken together, all these events would establish a self-amplifying toxicity loop, 

which leads to synaptic degeneration. In addition, a very recent study highlighted a 

potential role for the activity of asparagine endopeptidase (AEP). AEP is reported 

to be highly activated in PD patients’ brain where it can generate a truncated form 
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of αSyn (Zhang et al., 2017). Interestingly, the resulting N103-truncated αSyn was 

shown to stimulate MAO-B activity, leading to increased rate of DOPAL 

production. Not only, DOPAL itself was observed to interact with and stimulate 

AEP, establishing an additional trail in the vicious cycle described above (Kang et 

al., 2018). 

 

 

 

Figure 1.13. Potential interplay between DOPAL and αSynuclein at pre-synaptic terminals 

and determinants of DOPAL accumulation. DOPAL accumulation at the pre-synaptic terminals 

covalently modifies αSyn lysines, reducing αSyn affinity for membrane binding and resulting in 

synaptic vesicles pools redistribution. αSyn-DOPAL oligomers accumulate and permeabilize 

synaptic vesicles membrane, leading to cytosolic DA release, which is further metabolized into 

DOPAL by MAO. Also, DOPAL activates AEP (PDB: 4aw9, in the figure), which cleaves αSyn at 

N103. Truncated αSyn is more prone to aggregation and stimulates MAO activity. Hence, the result 

is a positive loop that self amplifies, leading to αSyn aggregation and synapse degeneration. In the 

figure, the black thin arrows indicate the chemical reactions, while the thicker ones highlight the 

cellular processes. Among the factors that could lead to DOPAL build-up, the critical hubs are the 

dysfunction of DA storage in synaptic vesicles, increased rate of DA degradation by MAO and 

decreased DOPAL detoxification by ALDHs. For each point, the evidences are listed in the figure. 

Masato et al., Mol Neurodegen 2019. 
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2. AIM OF THE PROJECT. 
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2.1 Investigating the DOPAL-induced impairment of 

αSynuclein and cellular proteostasis as molecular 

mechanism to enhance neuronal vulnerability in 

Parkinson’s disease. 

 

Several studies outlined a precise connection among the neurotoxicity induced by 

DA oxidation, mitochondrial and lysosomal dysfunction and αSyn impaired 

proteostasis (Burbulla et al., 2017; Mor et al., 2017). However, in the review article 

we recently published, we proposed the idea that the neurotoxic effects that have 

been attributed to DA so far, should be reconsidered to include the even more 

reactive DOPAL. In which, the synergy between the catechol and the aldehyde 

moieties of DOPAL is likely to increase exponentially the detrimental 

consequences of an impaired DA regulation.  

In a previous paper, we demonstrated a functional consequence of DOPAL build-

up at the pre-synaptic region (Plotegher et al., 2017). Specifically, DOPAL was 

showed to affect the synaptic vesicles pools in primary neuronal cultures, 

increasing the number of vesicles in the resting pool at the expense of the ready-

releasable pool. DOPAL treatment in both primary neurons and neuroblastoma-

derived BE(2)-M17 cells induced αSyn aggregation to form SDS-resistant 

oligomers. Also, DOPAL-αSyn oligomers generate larger annular-shaped species 

that can act as pore on vesicles, resulting in DA leakage into the cytoplasm. 

Aiming to the molecular details of the DOPAL action on αSyn, our LC-MS data on 

αSyn purified from cells treated with DOPAL, revealed the lysine residues that are 

preferentially modified by DOPAL (Table 2.1), in a Schiff-base reaction between 

the primary amine and the aldehyde of DOPAL. These data underscore the 

specific chemistry between DOPAL and αSyn, which is unique compared to other 

catechols. Furthermore, when compared to other aldehydes i.e. 4-HNE and 

methylglyoxal (Almandoz-Gil et al., 2017; Vicente Miranda et al., 2017) that were 

showed to modify αSyn lysines, DOPAL acquires higher significance due to its 
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confinement within SNpc dopaminergic neurons. Interestingly, most of the lysines 

that are modified by these aldehydes are also ubiquitination, SUMOylation and 

acetylation sites (Table 2.1), suggesting a potential competition of DOPAL with 

functional PTMs that regulate αSyn subcellular localization, degradation and 

secretion (Plotegher and Bubacco, 2016).  

 

 

Table 2.1 αSyn lysines modification by aldehydes and functional PTMs.  

For each lysines, the modification identified in the cited papers are mapped, together with the 

relative source of αSyn. In the table, the aldehydes are indicated as D: DOPAL, M: methylglyoxal, 

H: 4-HNE; the functional PTMs are U: ubiquitination, S: SUMOylation, A: acetylation. 

 

Here, one central issue we aimed to evaluate is the impact of DOPAL on αSyn 

proteostasis in a wider perspective, aside from its ability to trigger αSyn 

oligomerization. By coupling imaging data with biochemical studies, we are 

providing evidence of the DOPAL-dependent αSyn redistribution in the neuronal 

compartments, from the peripheral terminals, to the axonal trafficking and the 

soma. These observations were also correlated to the assessment of αSyn 

affected clearance in the presence of DOPAL. 

On the other hand, the accumulation of aggregated αSyn is known to affect 

protein degradation systems functionality. At the same time, the general DOPAL 

reactivity against accessible primary amines and thiols might affect the clearance 

of a broader range of proteins. Thus, we investigated the consequences of 

DOPAL build-up in whole cellular homeostasis, discussing the possibility of a 

synergistic action of αSyn and DOPAL in neurotoxic events.  
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Finally, while looking for a strategy to rescue the DOPAL effects in cells as a 

proof-of-concept of our paradigm, we started to explore the use of biguanidine 

molecules as DOPAL scavengers. Interestingly, compounds as aminoguanidine 

and metformin, that are already in the clinical practice, potentially represent a 

translational approach in the light of the Catecholaldehyde hypothesis. 
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3. MATERIALS AND METHODS. 
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3.1 Cell cultures, transfection and treatments. 

 

3.1.1 Rat primary cortical neurons. 

Cortical neurons were dissociated by papain from postnatal day 2 (P2) Sprague-

Dawley rats, as previously reported (Boassa et al., 2013). At day-in-vitro 0 (DIV0), 

5 million of isolated primary neurons were transfected with 5 µg of DNA by 

electroporation using an Amaxa Nucleofection Device (Lonza). The transfected 

neurons were plated on imaging dishes (P35G-0-14-C, MatTek Corporation) that 

were coated on the same day with poly-D-lysine (Sigma-Aldrich). Neurons were 

cultured in Neurobasal A medium (Life Technologies) supplemented with 1X B27 

Supplements (Life Technologies), 2 mM GlutaMAX (Life Technologies), 20 U/mL 

penicillin, and 50mg/mL streptomycin (Life Technologies) for 10-15 days prior to 

imaging, refreshing half medium every couple of days. All animal procedures were 

approved by the Institutional Animal Care and Use Committee of UC San Diego.  

 

3.1.2 BE(2)-M17 cell line.  

Neuroblastoma-derived BE(2)-M17 cells (ATCC CRL-2267) were cultured in 50% 

of Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies) and 50% of F-

12 Nutrient Mix (Life Technologies), supplemented with 10% v/v FBS and 1% 

Penicillin/Streptomycin (Life technologies). Cells were maintained at 37°C, 90% 

humidity and 5% CO2 and cultured in T-75 or T-175 flasks (Sarstedt). For cell 

culture maintenance and cell plating for experiments, cells were washed with 

Dulbecco’s Phosphate Buffer Saline (DPBS, Life technologies) and detached with 

1:25 dilution of trypsin 2.5% v/v (Life technologies). For experiments, cells were 

plated in 6-wells or 12-wells for western blot analysis and protein pull-down 

assays; for immunocytochemistry experiments, cells were plated on 12 mm-glass 

coverslips previously coated with poly-L-lysine (Sigma-Aldrich) in 24-wells plates 

(Sarstedt); for cell viability assays, in 96-wells plates. Before transfection and 

treatments, cells were maintained in complete medium supplemented with 10 µM 

retinoic acid (RA, Sigma-Aldrich) over weekend. When at 80% of confluency, cells 
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were transiently transfected using Lipofectamine 2000 (Invitrogen) with a 

DNA(µg): Lipofectamine(µl) ratio of 1:2. Cells were transfected with 3 µg of 

DNA/well when plated in 6-wells plates, 1.5 µg of DNA/well in 12-wells plates and 

0.75 µg of DNA/well in 24-wells plates. Transfection mix was prepared in 

OptiMEM (Reduced serum medium, Life technologies) and added to cell medium; 

after 4 hrs, half medium was replaced with fresh growth medium. Cells were then 

treated and processed 24-to-72 hrs post transfection.  

 

3.1.3 Constructs for neuron and cell transfection. 

The following constructs for primary neuronal culture and stable cell line 

transfection were kindly provided by Dr. Daniela Boassa (UCSD): pCAGGS.αSyn-

miniSOG full-length; pCAGGS.αSyn-TimeSTAMP-YFP-miniSOG; pCAGGS.Tau-

TimeSTAMP-YFP-miniSOG; pCAGGS.αSyn-mKeima. In the αSyn-split-miniSOG 

experiments, primary rat cortical neurons were co-transduced at DIV 7 with the 

pCAGGS.αSyn-miniSOG1-94(Fragment A) and pCAGGS.αSyn-miniSOG-Jα95-

140(Fragment B) constructs, expressed in lentiviral vectors HIV1. 

The pHT2.αSyn(WT)-HaloTag was generated by cloning the αSyn-encoding 

sequence into the pHT2 vector previously described (Wang et al., 2008). The 

K96R and S129A variants were generated using the Quick-Change II site-directed 

mutagenesis kit (Stratagene) according to manufacturer’s instructions, using the 

following primers: 

αSyn(K96R) FOR: 5’ CATTGGCTTTGTCAGAAAGGACCAGTTGG 3’ 

αSyn(K96R) REV: 5’ CCAACTGGTCCTTTCTGACAAAGCCAGTG 3’ 

αSyn(S129A) FOR: 5’ GCTTATGAAATGCCTGCAGAGGAAGGGTATC 3’ 

αSyn(S129A) REV: 5’ GATACCCTTCCTCTGCAGGCATTTCATAAGC 3’ 

 

The DNA plasmids were amplified and purified from E. coli DH5α, previously 

transformed. Plasmids were extracted using the NucleoBond® Xtra Maxi Plus kit 

(Macherey-Nagel), following the manufacturer’s instructions for high copy 

plasmids. Once DNA plasmids were eluted, absorbance at 260 nm was measured 

at the spectrophotometer and their concentration was determined in µg/µl. 
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3.1.4 Cell treatments. 

The compounds that were used for the pharmacological treatments are listed in 

Table 3.1, with relative source, identifier (catalog number) and details of use, i.e. 

vehicle in which each compound was dissolved and final concentration of use. 

 

Compound Source Catalog # Vehicle Final 

concentration 

DOPAL Bisaglia’s 

laboratory 

N.A. H2O 100 µM* 

BILN-2061 ACME Synthetic 

Chemical 

Custom 

made 

DMSO 1 µM 

Nocodazole Millipore 487928 DMSO 5 µg/ml 

Retinoic acid Sigma-Aldrich R2625 DMSO 10 µM 

HaloTag® biotin 

ligand 

Promega G8281 DMSO 5 µM 

HaloTag JF570 

ligand 

Lavis’s laboratory 

(HHMI Janelia 

Labs) 

N.A. DMSO 3 µM 

Cycloheximide Santa Cruz 

Biotech. 

Sc-3508 DMSO 50 µg/ml 

MG132 Santa Cruz 

Biotech. 

Sc-201270 DMSO 20 µM 

Chloroquine Sigma-Aldrich C6628 H2O 10 µM 

Bafilomycin A1 Millipore 196000 DMSO 20 nM 

Aminoguanidine 

hydrochloride 

Sigma-Aldrich 396494 PBS 100 µM* 

Metformin 

hydrochloride 

Sigma-Aldrich PHR1084 PBS 50 mM* 

Table 3.1 List of compounds used for cell treatments. (* unless indicated otherwise) 

Treatments in rat primary cortical neurons were performed in complete medium at 

DIV10-15 for the time frame specified for each experiment in the Result section. In 

most cases, in BE(2)-M17 cells the chemicals were administrated in OptiMEM. 

The time frame of each treatment is specified in the Result section.  

Starvation was induced by an overnight incubation with a serum-free medium, 

followed by 2 hrs in Hank’s Balanced Salt Solution (HBSS, Life Technologies).  
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3.2 DOPAL synthesis and quality control. 

 

DOPAL was produced in collaboration with Prof. Bisaglia’s laboratory (UNIPD), 

following the method by Fellman (Fellman, 1958) (Fig. 3.1), with slight 

modification. Briefly, 6 ml 85% ortho-phosphoric acid preheated to 125 °C in an oil 

bath were added to 400 mg of (±)-epinephrine hydrochloride (E4642, Sigma-

Aldrich) in a 2-dram glass scintillation vial. The epinephrine-acid mixture was then 

vortexed until dissolved, re-submerged in the oil bath until it changes from yellow 

to a dark orange color and then added to 60 ml of H2O in a separating funnel. The 

water mixture was then extracted with 20 ml of ethyl acetate twice, followed by 

three washes with 10 ml of H2O of the combined organic layers. Finally, the de-

acidified organic layer was evaporated with a stream of N2 directly into 1 ml of 

H2O.  

 

 

 

 

 

 

 

 

Figure 3.1 DOPAL synthesis. Schematic representation of the chemical reactions that drive the 

conversion of epinephrine to DOPAL (Fellman, 1958).  
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Figure 3.2 DOPAL quality control. (a) RP-HPLC of the synthetized DOPAL with the absorbance 

profile at 220 nm in black, the absorbance profile at 280 nm in red and the solvent B gradient in 

blue. The details of the experimental conditions for the RP-HPLC are listed in the main text. (b) 

Overlap between the absorbance spectra of the synthetized DOPAL (in blue) and the DOPAL 

purchased from SCBT (in green). The dotted line indicates the absorbance peak at 280 nm. (c) 

Comparison of the RP-HPLC retention time and profile of same amount among the synthetized 

DOPAL (in blue), the DOPAL by SCBT (in green) and the combination of the two (in black). continues 
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Figure 3.2 continues (d) Comparison of the RP-HPLC retention time and profile among the 

synthetized DOPAL and other catechols. The chemical structures of the different molecules are 

indicated on the right side of the corresponding RP-HPLC profile. (e) SDS-Page of recombinant 

αSyn oligomers stained with Comassie blue after in vitro incubation for increasing time period (2-6-

24 h) with DOPAL by SCBT or synthetized DOPAL, in increasing molar ratio with αSyn (1:10, 1:15, 

1:20).  

 

The resulting DOPAL solution was then analyzed for identity, concentration and 

purity. DOPAL quality was analyzed by reverse-phase HPLC (RP-HPLC) on a 

Phenomenex Jupiter column (300 Å/5 μm, 250 mm × 4.6 mm), using linear 

gradients of solvent B in eluent A (A: 0.1% TFA in H2O, B: 0.08% TFA in 

acetonitrile; gradient: 5% B to 65% B in 20 minutes) (Fig. 3.2a). Purity was 

calculated about 95%, based on the absorbance measured at 280 nm. As showed 

in Fig. 3.2b, the absorbance spectrum of the synthetized DOPAL perfectly 

overlaps with the spectrum of DOPAL purchased from Santa Cruz Biotechnology 

(SCBT; sc-391117) that was used as a reference, with an absorbance peak at 280 

nm due to the aromatic ring of the catechol group. DOPAL concentration was 

determined by assuming the same extinction molar coefficient of DA and L-DOPA 

(ε280nm = 2.63 cm-1 mM-1), resulting in about 20 mg of synthetized DOPAL from 

400 mg of epinephrine (yield ~5%). Consistently, the retention time of the 

synthetized DOPAL (8 mins) corresponds to the peak of the DOPAL by SCBT. 

Also, the HPLC analysis of a mixture of the two DOPAL preparations, co-eluted in 

a single peak at the very same retention time (Fig. 3.2c). Moreover, DOPAL has a 

unique retention time and profile in RP-HPLC compared to other catechols 

(DOPET, DOPAC, epinephrine, norepinephrine, DA, L-DOPA, HVA), confirming 

the efficacy of the synthesis protocol in converting the epinephrine into DOPAL 

and in removing the reaction sub-products (Fig. 3.2d). Finally, the reactivity of the 

synthetized DOPAL was assessed by analyzing its ability to trigger the 

recombinant αSyn oligomerization in vitro (see “3.3 In vitro DOPAL-induced 

αSynuclein oligomerization.”) compared to the DOPAL by SCBT (Fig. 3.2e).  

All chemicals and reagents used during the synthesis and the chromatographic 

analysis were purchased at Sigma-Aldrich. 
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3.3 In vitro DOPAL-induced αSynuclein oligomerization. 
 

3.3.1 Recombinant αSynuclein purification. 

Recombinant human αSyn was purified as previously described (Tessari et al., 

2008). Briefly, the αSyn gene was cloned in pET-28a plasmid (Novagen) and 

expressed in Escherichia coli BL21(DE3) strain. Bacteria were grown to an 

OD600nm of 0.3–0.4 and induced with 0.1 mM isopropyl b-D-1-

thiogalactopyranoside (IPTG). After 5 hrs, cells were collected by centrifugation 

and recombinant proteins recovered from the periplasm by osmotic shock. 

Subsequently, the periplasmic homogenate was boiled for 15 min and the soluble 

αSyn-containing fraction was subjected to a two-step (35 and 55%) ammonium 

sulfate precipitation. The pellet was then resuspended, extensively dialyzed 

against 20 mM Tris–HCl, pH 8.0, loaded into a 6 ml Resource Q column 

(Amersham Biosciences) and eluted with a 0–500 mM gradient of NaCl. Proteins 

were then dialyzed against water, lyophilized and stored at -20°C.  

 

3.3.2 DOPAL-induced αSynuclein oligomerization. 

Recombinant αSyn was resuspended in PBS and concentration was quantified by 

measuring the absorbance at 276 nm and using the ε276nm = 5800 cm-1 mM-1. 

DOPAL-αSyn oligomers were produced by incubating 20 µM of recombinant αSyn 

(dissolved in PBS) with 600 µM of DOPAL (1:20 of molar ratio, unless indicated 

otherwise) in PBS. The solution was incubated overnight (or for the time indicated 

in the specific experiment) in agitation at 160 rpm at 25°C. Alternatively, to test the 

activity of biguanidine molecules as aldehyde scavengers, αSyn and DOPAL were 

incubated overnight with increasing amounts of Aminoguanidine (AG) in DOPAL : 

AG ratios of 1:0.5, 1:1, 1:2, 1:5 or 1:10 in PBS. Proteins were then separated by 

SDS-Page into a gradient 4-20% SDS-Page gel (BioRad) together with a 

molecular weight ladder (Prestained Protein SHARPMASS VII 6,5-270kDa, 

EuroClone). Proteins were stained with Comassie brilliant blue, followed 

destaining with10% isopropanol, 10%acetic acid. 
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For the limited proteolysis by Proteinase K (PK), monomeric αSyn and DOPAL- 

αSyn oligomers were incubated with 50 nM PK in PBS. Sample aliquots were 

collected at different time-points (0-10-20-30 minutes), followed by SDS-Page.  

 

 

3.4 Imaging techniques. 

 

3.4.1 Immunocytochemistry and confocal microscopy. 

For immunocytochemistry (ICC), both rat primary cortical neurons and BE(2)-M17 

cells were fixed using 4% paraformaldehyde (PFA, Electron Microscopy Science) 

in PBS pH 7.4 for 20 minutes at room temperature. Cells were permeabilized in 

PBS-0.3% Triton-X for 5 minutes, followed by a 1 hr saturation step in blocking 

buffer (1% Bovine serum Albumin (BSA) Fraction V, 2% Normal Donkey serum 

(for ICC in neurons) or FBS (for ICC in BE(2)-M17 cells), 0.1% Triton-X and 50 

mM Glycine in PBS). Incubations with primary and secondary antibodies (listed in 

Table 3.2) were performed in working solution (1:5 dilution of the blocking buffer) 

for 1 hr at room temperature, following both incubations with three washing steps 

in working solution.  

 

Primary Antibody Source Catalog # Dilution 

Mouse anti-Bassoon Abcam ab82958 1:500 

Rabbit anti-p62 Abcam ab109012 1:200 

Mouse anti-pSer129 81/A Biolegend 825702 1:500 

 

Secondary Antibody Source Catalog # Dilution 

Goat anti mouse-Alexa Fluor 568 Invitrogen A11004 1:200 

Goat anti rabbit-Alexa Fluor 488 Invitrogen A11034 1:200 

Goat anti rabbit-Alexa Fluor 633 Invitrogen A21071 1:200 

Table 3.2 List of antibodies used in immunocytochemistry experiments. 
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For the immunolabeling with the anti-pSer129 antibody in BE(2)-M17 cells, an 

antigen retrieval step was introduced before saturation. Specifically, fixed cells 

were incubated with a citrate buffer (10 mM sodium citrate, 0.05% Tween-20, pH 

6) at 90°C for 5 minutes or at 70°C for 10 minutes. For the nuclei staining, BE(2)-

M17 cells were incubated with Hoechst 33258 (Invitrogen, 1:2000 dilution in PBS) 

for 5 minutes. Before coverslips mounting on glass slides, cells were washed 

three times in PBS and rinsed in distilled water. Confocal immunofluorescence 

images were acquired on the Olympus Fluoview 1000 laser scanning confocal 

microscope using a 60X oil immersion objective and the Zeiss LSM700 laser 

scanning confocal microscope using a 63X oil immersion objective. 

 

3.4.2 Live Cell Time-Lapse imaging. 

For live time-lapse recordings, neurons overexpressing the αSyn-TimeSTAMP-

YFP-miniSOG or the Tau-TimeSTAMP-YFP-miniSOG constructs received a pulse 

with 1 µM BILN-2061 inhibitor for 4 hrs in complete medium at 37°C. After three 

washes in HBSS, neurons were incubated with imaging medium (HBSS containing 

1X B27 Supplements, 25 mM glucose, 1 mM pyruvate, and 20 mM HEPES) in 

control conditions or with the addition of DOPAL and/or Nocodazole administration 

at the indicated concentrations in Table 3.1. Neurons were imaged at the inverted 

Olympus Fluoview 1000 laser scanning confocal microscope using a 40X oil 

immersion objective lens with numerical aperture 1.3 at 0.2% laser power to avoid 

photo-toxicity. During the time-lapse recordings, cells were maintained at 37°C in 

controlled atmosphere. Z-stack images were acquired with 200 µm of confocal 

aperture and 1 µm step size (17-24 steps in average) every 30 minutes for 18 hrs. 

Nine different areas were imaged for each independent experiment, adjusting the 

acquisition parameters for each field of view. 
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3.4.3 Correlated light and electron microscopy. 

Three different experiments of correlated light and electron microscopy (CLEM) 

were performed, according to the experimental setup described in this section. In 

the next paragraphs, the common experimental procedures of the confocal 

fluorescence imaging, the protein photo-oxidation, the sample processing, and the 

imaging at the transmission electron microscope (TEM) are explained in detail. 

CLEM of αSyn-TimeSTAMP-YFP-miniSOG in primary rat cortical neurons.  

Neurons transfected with the αSyn-TimeSTAMP-YFP-miniSOG construct received 

a pulse with 1 µM BILN-2061 inhibitor for 4 hrs in complete medium. After three 

washes in HBSS, neurons were kept in the incubator at 37°C in fresh complete 

medium with or without 100 µM DOPAL. After 24 hrs from the BILN-2061 pulse-

chase, neurons were fixed and processed as follows in section 3.4.4 and 3.4.5. 

CLEM of αSyn-split miniSOG in primary rat cortical neurons. Neurons that 

were previously transduced with the two fragments of the αSyn-split-miniSOG 

were treated with 100 µM DOPAL in complete medium for 24 hrs in the incubator 

at 37°C. At the end of the treatment, the growth medium was replaced with 

imaging medium in both the treated and untreated samples and live images of the 

reconstituted split-miniSOG complex were acquired at the Leica SPE II inverted 

confocal microscope. Position coordinates were saved. Cells were then fixed in 

place, followed by the photo-oxidation protocol. 

CLEM of JF570-labeled αSyn-HaloTag in BE(2)-M17 cells. BE(2)-M17 

transfected with the αSyn(WT)-HaloTag and the αSyn(K96R)-HaloTag received a 

pulse with 3 µM JF570 HaloTag fluorescent ligand for 30 minutes in growth 

medium. After three washes in HBSS, cells were maintained in fresh growth 

medium with or without 100 µM DOPAL in the incubator. After 48 hrs from the 

JF570 HaloTag pulse-chase, cells were fixed and processed as follows in section 

3.4.4 and 3.4.5. 
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3.4.4 Confocal fluorescence imaging and photo-oxidation.  

For the CLEM experiments, cells were fixed using pre-warmed (37°C) 2.5% (w/v) 

glutaraldehyde (Electron Microscopy Sciences) in 0.1 M sodium cacodylate buffer, 

pH 7.4 (Ted Pella Incorporated) for 5 mins at room temperature and then 

transferred on ice for 1 hr. Subsequently, cells were rinsed on ice 3-5 times using 

chilled cacodylate buffer and treated for 30 minutes on ice in a blocking solution 

(50 mM glycine, 10 mM KCN, and 5 mM aminotriazole in 0.1 M sodium cacodylate 

buffer, pH 7.4) to reduce nonspecific background precipitation of DAB. Cells were 

imaged and photo-oxidized using a Leica SPE II inverted confocal microscope 

outfitted with a stage chilled to 4°C. Confocal fluorescence and transmitted light 

images were acquired with minimum exposure to identify transfected cells, with 

care to avoid sample photo-bleaching. For photo-oxidation, oxygenated DAB (3-3’-

diaminobenzidine, Sigma-Aldrich) was dissolved in 0.1 N HCl at a concentration of 

5.4 mg/ml and subsequently diluted ten-fold into sodium cacodylate buffer (pH 

7.4, with a final buffer concentration of 0.1 M), mixed, and passed through a 0.22 

mm syringe filter before use. DAB solutions were freshly prepared on the day of 

photo-oxidation and placed on ice and protected from light before being added to 

cells. The cells were then illuminated through a standard FITC filter set 

(EX470/40, DM510, BA520) for miniSOG photo-oxidation or a ReAsH filter set 

(P/N:mCherry-A-L01-ZERO, Ex:FF01-562/40(542-582), DM:FF593-Di02, 

Em:FF01-641/75 (604-679)) for JF570 HaloTag ligand photo-oxidation, with 100% 

intense light from a 150 W xenon lamp. Illumination was stopped as soon as an 

optically-dense reaction product began to appear in place of the fluorescence, as 

monitored by transmitted light (typically 3–8 min, depending on the initial 

fluorescence intensity, the brightness of the illumination, and the optics used). 
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3.4.5 Electron microscopy 

Multiple areas on a single dish were photo-oxidized as described in the previous 

section. Subsequently, plates with cells were placed on a bed of ice and washed 

using ice-cold cacodylate buffer to remove unpolymerized DAB. After washing, 

cells were post-fixed with 1% osmium tetroxide (Electron Microscopy Sciences) in 

0.1 M sodium cacodylate buffer for 30 mins on ice, then washed with ice-cold 

cacodylate buffer (5 times, 1 min each) and rinsed once in ice-cold distilled water. 

An additional staining step with filtered 2% uranyl acetate (UA) in distilled water 

was performed by overnight incubation at 4°C. The day after, the UA was 

removed and washed-out with ice-cold distilled water (3 times, 3 mins each). The 

samples were then dehydrated with an ice-cold graded ethanol series (20%, 50%, 

70%, 90%, 100%, 100%) for 3 mins each step and washed once in room 

temperature anhydrous ethanol. Samples were then infiltrated with Durcupan 

ACM resin (Electron Microscopy Sciences) using a 1:1 solution of anhydrous 

ethanol:resin for 30 minutes on a platform with gentle rocking, then with 100% 

resin overnight with rocking. The next day, the resin was removed from dishes (by 

decanting and gentle scraping with care to avoid touching cells), replaced with 

freshly prepared resin (3 times, 30 minutes each with rocking), and polymerized in 

a vacuum oven at 60°C for 48 hrs. Subsequently, photo-oxidized areas of interest 

were identified by transmitted light, sawed out using a jeweler’s saw, and mounted 

on dummy acrylic blocks with cyanoacrylic adhesive. The coverslip was carefully 

removed and ultrathin sections (80 nm thick) were cut using a diamond knife 

(Diatome). Electron micrographs were acquired using a FEI Technai 12 (Spirit) 

transmission electron microscope operated at 80 kV; micrographs were produced 

using a Tietz 2k by 2k CCD camera and collected using the SerialEM package.  
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3.5 Pulse-chase experiments with HaloTag labeling 

technology. 

 

3.5.1 Pulse-chase experiment with HaloTag JF570-ligand: imaging approach. 

BE(2)-M17 cells plated on ICC coverslips, were transfected with the αSyn(WT)-

HaloTag or the αSyn(K96R)-HaloTag constructs. 24 hrs post-transfection, cells 

were subjected to a pulse with 3 µM JF570 HaloTag ligand (Synthetized by Dr. 

Stephen Adams, UCSD) diluted in complete medium for 30 minutes. After 

extensive washes in HBSS to remove the excess of ligand, cells were incubated 

with 100 µM DOPAL in OptiMEM (or without any treatment). At different time-

points (t=0-8-24-48 hrs), cell medium was washed out and cells were fixed with 

4% PFA for 20 minutes at RT. Samples were then washed with PBS and mounted 

on glass slides with Gelvatol mounting medium (in-house reagent). Z-stacks of 

JF570-positive cells were acquired at the Olympus Fluoview 1000 laser scanning 

confocal microscope using either a 40X or 60X oil immersion objective lens. 

 

3.5.2 Pulse-chase experiment with HaloTag biotin-ligand: biochemical 

approach. 

BE(2)-M17 cells plated on 6-wells plates, were transfected with the αSyn(WT)-

HaloTag or the αSyn(K96R)-HaloTag constructs. 36 hrs post-transfection, cells 

were treated overnight with 100 µM DOPAL in OptiMEM (or without any treatment 

for the control). At the end of the treatment, cells were subjected to a pulse with 5 

µM HaloTag biotin-ligand (Promega) diluted in complete medium for 3 hrs. After 

three washes in HBSS to remove the excess of ligand, cells were incubated with 

complete growth medium. At different time-points (t=0-4-8-12-24-30 hrs), cells 

were collected, spinned down and the cell pellets were stored at -80°C. At the end 

of the time course, all samples were thawed, and cell were harvested in lysis 

buffer (20mM Tris-HCl pH7.5, 150mM NaCl, 1 mM EDTA, 2.5mM sodium 

pyrophosphate, 1mM β-glycerophosphate, 1mM sodium orthovanadate, 1% 
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Triton® X-100), supplemented protease inhibitor cocktail (Sigma-Aldrich). After 

incubation in ice for 30 minutes, cell lysates were cleared by centrifugation at 

20000 g at 4°C. Protein concentration in the cleared supernatant was determined 

with the Pierce® BCA Protein Assay Kit (Thermo Scientific) following the 

manufacturer’s instructions. 150 μg of proteins for each sample were diluted in 

TBS buffer (Tris-HCl 50mM pH 7.4, NaCl 150mM) to a final volume of 300 μl and 

incubated with 10 μl of medium slurry of streptavidin-coated magnetic beads (GE 

Healthcare) for 2hrs at RT under continuous rotation. Then, the unbounded 

proteins were separated by the isolated biotin-labeled αSyn-HaloTag by a 

magnetic rack and the flow through was collected separately. The beads were 

then washed three times with TBS-Urea 2mM, incubated with 10 μl of sample 

buffer 1X (1:4 dilution of 8% SDS, 400 mM DTT, 200 mM Tris pH 6.8, 

bromophenol blue, 40% glycerol) and boiled at 100°C for 10 minutes. Samples 

were loaded in gradient 4-20% Tri-Glycine-SDS gels (BioRad) and western blot 

was performed as follows using the anti-αSyn MJFR1 antibody for the 

immunoblot. In parallel, 15 μl of flow through were loaded in a 10% 

polyacrylamide gel and subjected to an SDS-Page and western blot with the anti-

Actin antibody as loading control.  

 

3.6 Western blot. 

 

For western blot analysis, BE(2)-M17 cells were harvested in RIPA Buffer (Cell 

Signaling Technology) supplemented with protease inhibitors (Roche). After 

incubation on ice for 30 minutes, cell lysates were clarified by centrifugation at 

20000g at 4°C. Protein concentration in the cleared supernatant was determined 

using the Pierce® BCA Protein Assay Kit (Thermo Scientific) following the 

manufacturer’s instructions. 25 to 30 μg of protein samples were resolved on 

gradient 4-20% Tris-Glycine-SDS gels (BioRad), gradient 4-20% Tris-MOPS-SDS 

gels (GenScript), 10% or 13% Tris-Glycine polyacrylamide gels, according to the 

size resolution required. The resolved proteins were transferred to 

polyvinylidenedifluoride (PVDF) membranes (BioRad), through a semi-dry Trans-
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Blot® Turbo™ Transfer System (BioRad). PVDF membranes were subsequently 

blocked in Tris-buffered saline plus 0.1% Tween (TBS-T) plus 5% non-fat milk for 

1 hr at 4°C and then incubated over-night at 4°C with primary antibodies (Table 

3.3) in TBS-T plus 5% non-fat milk.  

 

Primary Antibody Source Catalog # Dilution 

Mouse anti-beta Actin Sigma-Aldrich A1978 1:5000 

Rabbit anti-Tau GeneTex GTX112981 1:1000 

Rabbit anti-αSyn MJFR1 Abcam ab138501 1:5000 

Mouse anti-αSyn 211 Sigma-Aldrich S5566 1:2000 

Mouse anti-pSer129 81/A Biolegend 825702 1:2000 

Mouse anti-alpha Tubulin Sigma-Aldrich T6074 1:5000 

Mouse anti-beta Tubulin OriGene 

technology 

TA301569 1:10000 

Mouse anti-Ubiquitin (P4D1) Santa cruz 

Biotech. 

sc-8017 1:500 

Rabbit anti-p62 Abcam ab109012 1:200 

Rabbit anti-Calnexin Abcam Ab22595 1:15000 

Rabbit anti-Calreticulin StressGen SPA-600 1:5000 

 

Secondary Antibody Source Catalog # Dilution 

Goat anti-rabbit-HRP Sigma-Aldrich A9169 1:15000 

Goat anti-mouse-HRP Sigma-Aldrich A9044 1:80000 

Goat anti-mouse-HRP Jackon 

ImmunoResearch 

Lab. Inc 

115-035-003 1:25000 

Table 3.3 List of primary and secondary antibodies used in western blot analysis. 

 

Membranes were then washed in TBS-T (3x10 minutes) at room temperature (RT) 

and subsequently incubated for 1 hour at RT with horseradish peroxidase (HRP)-

conjugated anti-mouse or anti-rabbit IgG (Table 3.3). After three more washes in 

TBS-T, immunoreactive proteins were visualized using Immobilon® Classico 

Western HRP Substrate (Millipore) or Immobilon® Forte Western HRP Substrate 

(Millipore) and images were acquired by Imager CHEMI Premium detector (VWR). 
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3.7 Flow cytometry. 

 

BE(2)-M17 cells plated in 12-wells plates were transfected with the αSyn-mKeima 

construct. 36 hrs post-transfection, cells were treated for overnight with starvation 

medium or with MG132 and Bafilomycin in OptiMEM (at the concentration 

reported in Table 3.1), with or without DOPAL 100 μM. After 16 hrs of treatment, 

cells were collected, the medium was washed out and cells were resuspended in 

200 μl of HBSS supplemented with 10 mM Hepes, 44 mM NaHCO3. Cells were 

maintained in 15 ml-tubes in ice until the flow cytometric analysis; before the 

loading in the instrument, each sample was vigorously resuspended to dissolve 

cell clumps. αSyn-mKeima-positive cells (at least 10000 positive cells each 

sample) were analyzed at the flow cytofluorimeter (FACSAria™ Illu Cell Sorting) 

by a simultaneous excitation at 405 nm and emission detection at 610 nm by a 

BV605 detector, and the excitation at 561 nm with the emission detection at 610 

nm with a PE-CF594 detector. The autofluorescence threshold was set based on 

the measurement of non-transfected cells. As described in protocol by Um et al., 

the αSyn-mKeima positive cells were divided into two groups according to the 

contribution in the fluorescence of the dual excitation. Specifically, the cells with a 

ratio of emission at PE-CF594/BV605 < 1 were defined “low”, while the “high” cells 

presented a ratio of emission at PE-CF594/BV605 > 1 (Um et al., 2018). The first 

group identifies the cells with αSyn-mKeima mainly localized in neutral 

compartments (the cytoplasm), while the second one identifies the cells with 

αSyn-mKeima mainly localized in acidic compartments (the lysosomes).  
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3.8 Cell viability assay. 

 

BE(2)-M17 cells plated in 96-wells plates were treated with increasing doses of 

aminoguanidine, metformin or PBS as control (12 wells each condition) in growth 

medium for 24-48 hrs, according to the experiment. After medium washing out 

with PBS, cells were incubated with 75 μl /well of a 1:6 dilution of MTS reagent 

(Cell Titer 96® AQueous One Solution Cell Proliferation Assay, Promega) in 

OptiMEM. Cells were then placed back in the incubator to allow the MTS to be 

converted into the chromogenic formazan by the mitochondrial enzymes. The 

reaction was then monitored after 30-60-90 minutes by measuring the absorbance 

at 490 nm at the multi-wells plate reader (Victor). The signal was subtracted for 

the background absorbance of the MTS dilution in OptiMEM in the absence of 

cells, while the mean absorbance of the different treatments was normalized for 

the mean value of the PBS-treated cells, considered 100% of cell viability. 

 

3.9 Data analysis and Statistics. 

 

The densiometric analysis of the bands of the western blot experiments, as well as 

the processing and analysis of the images acquired at the confocal microscope 

and the TEM was performed with the Fiji software. In details, to quantify the 

fluorescence intensity in the live imaging and the ICC experiments, the Integrated 

Density parameter was used. To quantify the size of synaptic vesicles, intra-

luminal vesicles and the multi-vesicular bodies, the Feret diameter was considered 

as reference. For the synaptic vesicles clustering analysis, the nearest neighbor 

distance (Nnd) plugin was employed.  

The quantitative and statistical analysis of the collected data, as well as the proper 

graphical visualization, were performed using GraphPad Prism Software Inc. 

(version 7). In general, when the sample size allowed it (n>3), mean values 

among data-sets were analyzed by the non-parametric Mann-Whitney test (two 

data-sets) or by the non-parametric Kruskall-Wallis test with the Dunn’s multiple 
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comparisons test (more than two data-sets). Instead, for the synaptic vesicles 

parameters, mean values were analyzed by the One-way ANOVA with Tukey’s 

multiple comparisons test. Additional details on the data analysis are reported in 

the legend of each figure. 

The figures were created and edited by using Adobe Illustrator CC. 
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4.1 Correlated light and electron microscopy to study 

DOPAL-induced alterations of αSynuclein localization 

and trafficking to different neuronal compartments. 
 

4.1.1 Rationale and experimental approach. 

αSyn proteostasis in neurons is the results of a strict regulation of protein 

synthesis in the soma, the trafficking along the axons to reach the pre-synaptic 

terminals where αSyn exerts its function and finally of αSyn clearance. This last 

step occurs both in the periphery via the UPS and in the cell body by the 

autophagic machinery, after the protein is retrogradely transported through the 

endo-lysosomal pathway to the cell body (Boassa et al., 2013; Tofaris et al., 2011; 

Volpicelli-Daley, 2017a). Morover, a certain amount of the protein can be secreted 

in the extra-cellular space via various pathways like exosomes (Danzer et al., 

2012). Therefore, any alterations in these processes, i.e. blockage of the axonal 

transport, engulfment of protein degradation systems or anomalous signaling due 

to post-translational modifications on αSyn sequence, would trigger αSyn 

accumulation and further oligomerization, leading to neurotoxicity.  

On this ground, we first studied whether DOPAL build-up in the neuronal 

environment would impact on αSyn trafficking between the soma to the periphery, 

by pulse-chase experiments coupled to live imaging recordings. Next, we took 

advantage of the high resolution of the correlated light and electron microscopy 

(CLEM) technique to investigate any DOPAL-induced variations on αSyn 

distribution in the different neuronal compartments. Indeed, CLEM is the ideal 

approach to pinpoint the localization of a protein of interest at both cellular and 

supra-molecular level in the same specimen. This is achieved by tagging the 

protein with genetically encoded proteins that act as probe for both light 

microscopy (LM) and electron microscopy (EM). In this project, we employed 

various constructs developed at the National Center for Microscopy and Imaging 

Research (NCMIR, UCSD), encoding αSyn in fusion with the protein miniSOG 

(mini Singlet Oxygen Generator), which has already been used to map αSyn 

localization in neurons (Boassa et al., 2013).   
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Figure 4.1 miniSOG, a genetically encoded protein as probe for correlated light and electron 

microscopy. (a) Structure of the miniSOG protein and (b) schematic diagram of how miniSOG 

produces a singlet oxygen upon blue-light illumination, with further DAB polymerization. Spin states 

are depicted by the arrows. ISC stands for intersystem crossing. Adapted from Shu et al, PLoS 

Biology 2011. 

 

Briefly, miniSOG is an intrinsically fluorescent flavoprotein, which has been 

engineered from the LOV (light, oxygen and voltage) domain of Arabidopsis 

thaliana phototropin 2 (Shu et al., 2011). It is a small protein (106 amino acids), 

with a blue light excitation peak (450-490 nm) and a green light emission (500-530 

nm), in the presence of the flavin mononucleotide (FMN) cofactor (Fig. 4.1a). 

When illuminated by an intense blue light, the protein photo-oxidizes, generating a 

singlet oxygen which locally catalyzes the polymerization of DAB into an electron-

dense osmiophilic reaction product highly detectable by EM (Fig. 4.1b). 

Importantly, the reaction product has a minimal diffusion, hence the darker signal 

reflects the specific labeling and localization of miniSOG  and, by extension, of 

αSyn. In Fig. 4.2a-b, an example of the photo-oxidation process is showed. After 

fixation in glutaraldehyde, rat primary cortical neurons overexpressing miniSOG-

tagged αSyn are imaged at the confocal microscope, looking for green fluorescent 

neurons (Fig. 4.2a). Once a field of interest is identified, the specimen is 

incubated with a DAB solution and the area is illuminated by an intense blue light 

for 3-5 minutes with oxygen blowing on the surface. At the end of the reaction, the 

miniSOG fluorescence is bleached and replaced by a dark brown signal 

corresponding to the polymerized DAB (Fig. 4.2b), which will be further stained 

with osmium and processed for the EM imaging. 
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Figure 4.2 miniSOG photo-oxidation process. (a) Rat primary cortical neuron overexpressing the 

fluorescent αSyn-TimeSTAMP-YFP-miniSOG, imaged at the Leica SPE II confocal microscope 

before the photo-oxidation. (b) After 5 minutes of photo-oxidation, which occurs by illumination with 

an intense blue light, in the presence of a DAB solution and oxygen blowing on the surface, the 

miniSOG fluorescence is bleached and it is replaced by the dark signal of the localized DAB 

polymers. Scale bar: 10 µm. 

 

4.1.2 DOPAL build-up affects αSynuclein trafficking and clearance in rat 

primary cortical neurons. 

First, we investigated whether DOPAL treatment in neurons would affect αSyn 

localization and trafficking from the soma to the periphery and back. We used the 

TimeSTAMP tag (Time-Specific Tag for the Measurement of the Age of Proteins) 

to follow αSyn spatial and temporal organization (Lin et al., 2008).  
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Briefly, TimeSTAMP is a drug-sensitive on-off switch with a cassette comprising 

the protease domain of hepatitis C virus (HCV) flanked by protease cleavage sites 

and followed by a split YFP epitope tag. Upon expression, the protease excises 

itself and the tag from proteins by default, targeting the two fragments to 

degradation. However, by applying a cell-permeant protease inhibitor (BILN-2061), 

the protein of interest is expressed in frame with a reconstituted and active YFP 

probe, providing the capability to select and image by LM a newly synthetized 

protein subpopulation. Here, the TimeSTAMP tag was combined with YFP 

fluorescent protein and miniSOG, providing a powerful tool to analyze αSyn 

trafficking by both live-imaging and CLEM (Fig. 4.3).  

 

Figure 4.3 αSyn-TimeSTAMP. Schematic diagram of the strategy behind the αSyn-TimeSTAMP-

YFP-miniSOG probe. Adapted from  Butko et al., Nat Neurosci 2012.   

 

As displayed in the diagram in Fig. 4.4a, rat primary cortical neurons (DIV11-16) 

overexpressing αSyn-TimeSTAMP-YFP-miniSOG were subjected to a pulse with 

1µM BILN-2061 inhibitor for 4 hrs, switching on the fluorescence of the newly 

synthetized αSyn during that time-frame. After washing out the excess of BILN, 

live time-lapse imaging was performed for 18 hrs under control conditions or in the 

presence of 100 µM DOPAL (each area was imaged every 30 minutes). The 

representative images in Fig. 4.4b show that in both untreated and DOPAL- 

treated neurons, the fluorescent αSyn-TimeSTAMP-YFP-miniSOG is present in 

the soma, along the axons and the dendrites, and in the periphery, where it co-

localizes with the pre-synaptic scaffold protein Bassoon. 
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Figure 4.4 Studying αSyn trafficking in neurons by live time-lapse imaging with the 

TimeSTAMP probe. (a) Schematic representation of the experimental setup of the pulse-chase 

experiment. During the 4 hrs of BILN-2061 pulse, the transfected rat primary cortical neurons 

express the fluorescent αSyn-YFP-miniSOG. After the BILN-2061 wash-out, live time-lapse imaging 

was performed for 18 hrs within the different treatments, acquiring an image every half hour. (b) 

Representative immunocytochemistry images of untreated and DOPAL-treated rat primary cortical 

neurons over-expressing αSyn-TimeSTAMP-YFP-miniSOG, 24 hrs after BILN-2061 pulse-chase. In 

the merged images, the green signal stands for the sum of the YFP and miniSOG fluorescence 

while the magenta signal corresponds to the immunolabeling with the anti-Bassoon antibody. Scale 

bar: 10 µm. In the inset image, the white circles point out the co-localization between αSyn and 

Bassoon at the pre-synaptic terminals. 

 

αSyn trafficking was studied by monitoring the YFP fluorescence in the soma and 

in the synaptic terminals over time. These terminals were identified automatically 

by a custom-made Matlab script (by Matthew Madany, UCSD), designed to 

measure the fluorescence intensity of every terminals in the different time-frame. 

Here, a few statements are due to explain the way the analysis was conducted. As 

showed in the representative images in Fig. 4.5a, bright YFP-positive boutons are 
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present not only in the inter-neuron space but also along the dendrites. The first 

ones plausibly indicate the αSyn accumulated at the pre-synaptic terminals where 

the protein exerts its function and co-localizes with Bassoon, a scaffold protein of 

the active zone. Whereas, the other boutons might indicate the presence of αSyn 

at the dendritic spines. Although this event has been already observed, the 

function of αSyn at the post-synaptic is not clearly stated yet (Teravskis et al., 

2018). Also, it could be a consequence of αSyn overexpression in primary 

neuronal cultures (Blumenstock et al., 2017). Hence, the YFP-positive dots 

identified in the proximity of the soma were excluded from the analysis. The 

second observation refers to the fact that each field of view covers just a few cell 

bodies and the relative proximal processes, while most of the identified pre-

synaptic terminals belong to the surrounding αSyn-TimeSTAMP-YFP-miniSOG 

positive neurons rather than the centered ones, making it challenging to relate the 

analysis of the YFP fluorescence variations in the soma with the signal in the 

periphery. Third, some new terminals that are not fluorescent at t0, appear later in 

the time-lapse. Indeed, even though at the beginning of the live imaging the newly 

synthetized αSyn has no fluorescent tag, a fraction of the fluorescent protein 

produced during the BILN-2061 pulse is targeted to terminals that are far away 

from the soma and it takes a longer time to reach them. Hence, given the 

complexity of the data analysis, as first approach we considered only the terminals 

that were identified by the software in the first 3 hrs of the recordings to infer any 

effect induced by DOPAL build-up on αSyn trafficking and degradation. 

Starting from these assumptions, the quantification of the YFP fluorescence 

intensity variation in the soma indicates that DOPAL treatment significantly 

induces an impaired αSyn trafficking from the soma to the periphery (Fig. 4.5, 

4.6a). In untreated neurons, αSyn appears to migrate from the cell body to the 

periphery, leaving only the 25% of the initial amount in the soma after 8 hrs. In the 

second phase of the recording, the αSyn progressively comes back in the cell 

body, reaching up the 50% of the starting fluorescence at t=18 hrs. This behavior 

can be explained by the combination of the local clearance of the protein both in 

the soma and at the periphery, together with a retrograde trafficking from the 

synapses.  
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Figure 4.5 Time-lapse imaging of αSyn-TimeSTAMP-YFP-miniSOG overexpressing neurons. 

Snapshots at different time points (t=0, t=6 hrs, t=12 hrs, t=18 hrs) of representative time-lapse 

recordings of rat primary cortical neurons overexpressing αSyn-TimeSTAMP-YFP-miniSOG 

(YFP/miniSOG fluorescence) after the BILN-2061 pulse-chase, in the four conditions tested: 

Untreated neurons, 100 µM DOPAL, 5 µg/ml Nocodazole and 100 µM DOPAL + 5 µg/ml 

Nocodazole. Scale bar: 10 µm.  

 

However, in DOPAL-treated neurons, only a slow decrease in the fluorescence is 

observed in the soma, without any apparent retrograde trafficking, suggesting both 

an impaired mobility of the protein (the first part of the curve) but also a less 

efficient degradation rate, as only the 30% of the protein disappears in 18 hrs. 

Similarly, the YFP variations in the peripheral terminals indicate that in untreated 
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neurons, the new fluorescent αSyn progressively accumulates at the synapse, 

followed by a progressive decrease in its concentration once the clearance 

process occurs. Instead, in DOPAL-treated neurons the level of αSyn remains 

steady in the first interval of the recording (3 hrs) and then slowly decays over time 

(Fig. 4.6b). 

 

Figure 4.6 DOPAL impairs the trafficking of the newly synthetized αSynuclein from the soma 

and the mature αSynuclein in the periphery. (a) Quantification of YFP fluorescence in the soma 

in each time-frame of the live time-lapse imaging. For each cell body, data are normalized to the 

YFP fluorescence intensity at t=0. (b) Quantification of YFP fluorescence in peripheral terminals in 

each time-frame of the live time-lapse imaging. For each terminal, data are normalized to the YFP 

fluorescence intensity at t=0. In the graphs, data are presented as Mean ± SEM from n=3 

independent experiments pooled together (27 areas imaged in total) for the Untreated (n=3320 

terminals), DOPAL (n=3712 terminals) and Nocodazole (n=2154 terminals) treated neurons and 

from n=2 independent experiments pooled together (16 areas imaged in total) in the Nocodazole + 

DOPAL (n=2600 terminals) condition.  

 

In addition, to test whether the observed DOPAL-induced αSyn altered mobility is 

consistent with axonal trafficking inhibition, live time-lapse imaging of αSyn-

TimeSTAMP-YFP-miniSOG was performed in the presence of the axonal 

transport inhibitor Nocodazole or the combined treatment Nocodazole + DOPAL  

(Fig. 4.5, third and fourth rows of confocal images). In the presence of 5µg/ml 

Nocodazole, which induces microtubule depolymerization (Utton et al., 2005), 

αSyn disappears from the soma with an exponential trend (25% of the starting 

level at t=18 hrs), plausibly degraded by the UPS and ALP in the cell body (Fig. 

4.6a). On the contrary, in the presence of DOPAL within of the axonal trafficking 

disruption, the protein dramatically accumulates. αSyn cannot exits from the soma 



79 

 

but also its clearance is affected, maintaining approximatively a constant αSyn 

concentration in the cell body during the considered time-frame of the experiment. 

Consistently, the rapid and large (1.5-fold) increase in signal in the peripheral 

terminals (Fig. 4.6b) probably reflects an excessive accumulation of αSyn, 

coupled to an impaired αSyn turn-over caused by DOPAL. Since the protein 

clearance in the periphery is taken care by the proteasome and other cytoplasmic 

proteases, this effect appears much greater compared to the cell body where the 

ALP co-operates in the process.  

Furthermore, using the same TimeSTAMP tag approach, we aimed to analyze the 

trafficking of different proteins, to explore whether the observed DOPAL-induced 

alteration αSyn mobility is specific or could affect different targets. Thus, we 

studied the trafficking of Tau, a microtubule-associated protein, that shares with 

αSyn the axonal transport via microtubules (Utton et al., 2005). Physiologically, 

Tau participates in the stabilization of the microtubule network and axon integrity, 

hence it primary localizes along the axons. Tau is also present in the cell body and 

in the dendrites, where it is known to modulate synaptic plasticity and dendritic 

spines architecture (Sotiropoulos et al., 2017).  

Interestingly, the analysis of the variations of Tau fluorescence in the cell body 

during the 18 hrs of live time-lapse imaging in untreated primary neurons differs 

from the behavior in the DOPAL treated neurons (Fig. 4.7a-b). In the control, Tau 

progressively gathers in the soma during the considered time-frame. Instead, 

within DOPAL treatment, Tau rapidly accumulates up to 2-fold change in the first 3 

hrs, maintaining a steady-state level until the end of the recordings.  

This result suggests a broader action of DOPAL on protein mobility, which might 

be explained by general impairment of axonal transport as observed for αSyn. On 

the other hand, the possibility of a DOPAL modification of Tau lysines (63 lysines 

residues out of 758 amino acids, about 8% of the sequence), most of which are 

ubiquitination sites, cannot be ruled out. This would result in decreased Tau 

clearance by the UPS and the ALP (Lee et al., 2013). Likewise, preliminary data 

obtained by western blot analysis on BE(2)-M17 cells treated overnight with 

increasing amount of DOPAL, reveal a dose-dependent accumulation of Tau 
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oligomeric species (Fig. 4.7c), possibly indicating a similar mechanism of DOPAL-

induced aggregation and impaired degradation for both αSyn and Tau. In the 

future, further investigation of the DOPAL impact on Tau proteostasis will be of 

interest. We also plan to extend our analysis to other proteins with the same 

cellular localization of αSyn, i.e. synapsin, to unravel the DOPAL action on axonal 

trafficking of proteins as well as the axonal transport machinery.  

  

Figure 4.7 DOPAL alters the trafficking of Tau in the soma. (a) Snapshots at different time 

points (t=0, t=6 hrs, t=12 hrs, t=18 hrs) of representative time-lapse recording of rat primary cortical 

neurons overexpressing Tau-TimeSTAMP-YFP-miniSOG after the 4 h BILN-2061 pulse-chase, in 

the two conditions tested: Untreated neurons and DOPAL 100 µM. Scale bar: 10 µm. (b) 

Quantification of YFP fluorescence in the soma in each time-frame of the live time-lapse imaging. 

For each cell body, data are normalized to the YFP fluorescence intensity at t=0. Data are 

presented as Mean ± SEM (n=2 independent experiments pooled together, 18 areas imaged in total 

for the Untreated and DOPAL-treated conditions). (c) Western blot of BE(2)-M17 cells after an 

overnight DOPAL treatment at increasing doses (0-25-50-70-85-100 µM). The immunoblot with the 

anti-Tau antibody detects both the monomeric and the oligomeric forms of Tau. 
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4.1.3 Correlated light and electron microscopy of rat primary cortical 

neurons overexpressing αSyn-TimeSTAMP-YFP-miniSOG. 

Based on the presence of miniSOG in the TimeSTAMP cassette, we performed 

the CLEM in neurons overexpressing the αSyn-TimeSTAMP-YFP-miniSOG 

construct, to investigate more in depth any redistribution of αSyn subcellular 

localization due to DOPAL build-up. In Fig. 4.8a, representative images of 

untreated and DOPAL-treated neurons for 22 hrs after the BILN-2061 pulse-

chase, are showed. As explained before, the miniSOG fluorescence guides the 

identification of positive neurons at the confocal microscope. Once an area of 

interest is identified, the photo-oxidation occurs, with the dark brown signal of the 

DAB local polymerization in replacement of the miniSOG fluorescence.  

 

Figure 4.8 CLEM of αSyn-TimeSTAMP-YFP-miniSOG in Untreated and DOPAL-treated 

neurons, 22 hrs after BILN-2061 pulse-chase. (a) Confocal imaging before and after photo-

oxidation, as overlay of YFP/miniSOG fluorescence (green signal) and bright field image. Scale bar: 

10 µm. (b) Electron micrograph of the cell body of the photo-oxidized neurons, imaged at TEM and 

identified by the darker contrast compared the surrounding areas, due to the osmium staining of the 

polymerized DAB. Scale bar: 2 µm. 
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After sample processing, the osmium-stained DAB that gives a darker contrast 

compared to the surroundings structures, allows to recall the same neuron at the 

EM level (Fig. 4.8b). We first started to compare the cell body of the αSyn-YFP-

miniSOG positive neurons in untreated and DOPAL-treated conditions. As general 

observations, while in the untreated neurons the darker signal associated to the 

photo-oxidized αSyn is diffused in the cytoplasm, in the DOPAL-treated soma the 

greater contrast derives from the lysosomes. 

 

Figure 4.9 CLEM of αSyn-TimeSTAMP-YFP-miniSOG in Untreated and DOPAL-treated 

neurons, 22 hrs after BILN-2061 pulse-chase, focusing on the lysosomes and mitochondria. 

Representative EM images at higher magnification of the photo-oxidized αSyn-positive neurons, 

both the cell body and the periphery. L: lysosome, M: mitochondrion, *: compromised structures. 

Scale bar: 500 nm (first column), 200 nm (second and third column).  

 

In particular, in the DOPAL-treated sample, the lysosomal-like compartments 

present higher heterogeneity in shape, dimension and electron-density. Usually, 

the lysosomal structures appear as electron-dense, rounded and single-

membrane organelles, as it is observed in the untreated control samples.  
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Instead, in the DOPAL-treated cells, these compartments present uneven 

electron-density, which might derive from an aberrant accumulation of photo-

oxidized αSyn in their lumen. Similarly, in untreated neurons, mitochondria are 

elongated, and well organized cristae are visible when imaged at high 

magnification, both in the cell body and the peripheral neurites. Instead, in 

DOPAL-treated neurons, mitochondria appear smaller in size, more fragmented 

and swollen, which is probably due to an additional outcome of DOPAL toxicity. 

Hence, these preliminary observations suggest a general impairment of neuronal 

homeostasis in the presence of high levels of DOPAL.  

 

4.1.4 αSynuclein overexpression affects pre-synaptic terminals organization. 

We then specifically looked at the distribution of αSyn at the pre-synaptic 

terminals, where the protein associates to synaptic vesicles membranes to 

regulate vesicles clustering and docking to the active zone, as well as the 

exocytotic events during neurotransmitter release (Burré, 2015; Logan et al., 

2017). As showed in Fig. 4.10a, the darker signal of photo-oxidized αSyn-YFP-

miniSOG confirms the αSyn localization on the membrane of synaptic vesicles, as 

previously described (Boassa et al., 2013). Specifically, the schematic 

representation in Fig. 4.10b illustrates how the helical-folded N-terminus of αSyn 

associates to the phospholipids of the outer membrane layer, whereas the C-

terminus tagged with the YFP-miniSOG fluorophores (green stars, in the figure) 

faces the cytosol. Although the YFP-miniSOG size corresponds to 1.5-fold 

compared to the αSyn molecular weight, we assumed that the tag doesn’t 

interfere with the αSyn localization, association to the vesicles membrane and 

function. Interestingly, the pre-synaptic terminals deriving from the αSyn-YFP-

miniSOG overexpressing neurons are in proximity with non-transfected cells that 

express the endogenous rat αSyn and represent an internal control. Since the two 

types of synapses are usually present in the same field of view, the further 

analysis on the synapse architecture were conducted on both non-transfected and 

overexpressing neurons, in untreated and DOPAL-treated conditions. 
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Figure 4.10 CLEM of αSyn-TimeSTAMP-YFP-miniSOG in Untreated and DOPAL-treated 

neurons, 22 hrs after BILN-2061 pulse-chase, focusing on the pre-synaptic terminals. (a) 

Representative EM images of pre-synaptic terminals of photo-oxidized neurons (darker staining 

around the vesicles membrane) in Untreated and DOPAL treated condition, surrounded by non-

positive synapses. Scale bar: 200 nm. (b) Schematic diagram that illustrates the association of 

αSyn-TimeSTAMP-YFP-miniSOG to the synaptic vesicles membrane. In the figure, the green stars 

stand for the YFP-miniSOG fluorescent tag. Adapted from Boassa et al., J Neurosci 2013. 
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Figure 4.11 αSyn overexpression affects synaptic vesicles size and clustering. CLEM in 

αSyn-TimeSTAMP-YFP-miniSOG overexpressing neurons, in untreated and DOPAL treated 

conditions. (a) Quantification of the synaptic vesicles’ Feret Diameter (nm) in Untreated and 

DOPAL-treated neurons, from non-transfected (endogenous αSyn) and αSyn overexpressing 

synapses. Images were collected from two photo-oxidized areas each condition of one independent 

experiment (non-transfected neurons: Untreated 27 synapses, 1432 vesicles – DOPAL 18 

synapses, 1185 vesicles; αSyn overexpressing neurons: 30 synapses, 1398 vesicles – DOPAL 20 

synapses, 1234 vesicles). Data are presented as Mean ± SEM (histograms) and frequency 

distribution (relative frequency), fitted by a Gaussian distribution (the color code is coherent in the 

two graphs). Mean values of Feret diameter of each single vesicles were analyzed by One-way 

ANOVA with Tukey’s multiple comparisons test (**** p<0.0001). (b) The same pre-synaptic 

terminals, were analyzed for the synaptic vesicles clustering, expressed as frequency distribution of 

the nearest neighbor distance (nm) for each vesicle. The relative frequencies were fitted by a 

Gaussian curve and the mean value and the standard deviation are reported in the figure. 
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Since αSyn association to synaptic vesicles membrane is thought to modulate its 

curvature, hence the vesicle radius (Middleton and Rhoades, 2010), we first 

measured the synaptic vesicles size using the “Feret diameter” parameter, which 

is defined as “the longest distance between any two points along the ROI (region 

of interest) boundary”, where in this case the ROI boundary was traced manually 

along each vesicle membrane. Of note, the overexpression of αSyn significantly 

increases the dimension of the synaptic vesicles (still in the physiological range of 

synaptic vesicles size), whereas DOPAL does not induce any obvious contribution 

(Fig. 4.11a). Specifically, in non-transfected neurons, the vesicle Feret diameter 

results of 39.87 ± 0.15 nm (Untreated), 38.83 ± 0.17 nm (DOPAL-treated); in 

αSyn-overexpressing neurons, it is estimated equal to 43.21 ± 0.23 nm 

(Untreated), 43.68 ± 0.23 nm (DOPAL-treated). Also, the frequency distribution of 

the vesicles’ Feret diameter highlights the higher variability of vesicles size in the 

presence of the overexpressed αSyn (see the σ value for each Gaussian fit in the 

figure). 

We also noticed a differential distribution of the synaptic vesicles in the pre-

synaptic terminal area, as the αSyn-overexpressing neurons present more 

clustered vesicles compared to the non-transfected ones (Fig. 4.10a). Hence, to 

express this observation in quantitative terms, we measured the nearest neighbor 

distance (Nnd) among pairs of vesicles (Fig. 4.11b). In the graph, the gaussian fit 

of the frequency distribution of the Nnd, confirms the more pronounced vesicles 

clustering in the αSyn-overexpressing neurons, defined by a shorter Nnd 

(Untreated: 38.97 nm; DOPAL: 41.56 nm), compared to the higher Nnd in the non-

transfected neurons (Untreated: 43.27 nm; DOPAL: 43.67 nm). Of note, in the 

non-transfected neurons, both the mean value and the standard deviation of the 

measured Nnd perfectly overlap in the untreated and DOPAL-treated neurons. 

Instead, in the αSyn-overexpressing terminals, the vesicles clustering is more 

homogeneous (minor standard deviation), and a slight, non-significant difference 

is observed in the mean Nnd value in the DOPAL-treated neurons.  

So far, the processed pre-synaptic terminals derive from two photo-oxidized areas 

each condition, out of one single experiment. In the future, more areas from 

different biological replicates will be analyzed, to confirm these data.  
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4.1.5 DOPAL promotes αSynuclein loading in intra-luminal vesicles of multi-

vesicular bodies. 

By observing the specimens at TEM, we noticed some clear variations in the 

properties of MVBs. These differences triggered our interest in the analysis of 

MVBs and more precisely on the loading of αSyn in the intra-luminal vesicles 

(ILVs). Being that  MVBs and the endosomal pathway are recruited to vehicle 

αSyn and other proteins from the periphery to the neuronal cell body to be 

degraded by the lysosomes. An alternative, that is very relevant for PD, implies 

that the MVBs fuse with the plasma membrane and release the exosomes in the 

extra-cellular space (Raposo and Stoorvogel, 2013). 

In this frame, we analyzed the αSyn-TimeSTAMP-YFP-miniSOG-positive MVBs 

(Fig. 4.12, yellow arrows) that are present in the soma and the periphery (axons, 

dendrites and synapses), in terms of MVBs and ILVs size and MVBs filling. 

Although the dimensions of the MVBs don’t differ in untreated versus DOPAL-

treated neurons (Fig. 4.13a, Feret diameter: Untreated: 230.1 ± 8.7 nm; DOPAL: 

235.4 ± 12.4 nm), the ILVs have a significantly increased size in the DOPAL-

treated neurons (Fig. 4.13b, Feret diameter: Untreated: 43.03 ± 0.38 nm; DOPAL: 

47.46 ± 0.60 nm), as well as higher heterogeneity (see the σ of the gaussian fit in 

the figure).  

Furthermore, DOPAL appeared to promote αSyn loading into exosomes, as in 

treated neurons the MVBs are filled by a higher number of DAB-labeled ILVs (Fig. 

4.13c). This is extremely relevant, as it possibly implicates the exosomal pathway 

as spreading mechanism of DOPAL-induced αSyn oligomers to neighboring cells. 

Currently, more samples are being analyzed, scrutinizing the DAB-labeled pre-

synaptic terminals and MVBs in control and treated conditions. We will also 

implement these analyses in non-transfected neurons, which represent the 

internal control condition and will provide indications whether the DOPAL 

treatment alone affects these neuronal structures. 
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Figure 4.12 CLEM of αSyn-TimeSTAMP-YFP-miniSOG in Untreated and DOPAL-treated 

neurons, 22 h after BILN-2061 pulse-chase, focusing on the multi-vesicular bodies.  

Representative EM images of MVBs (yellow arrows), positive for photo-oxidized αSyn-TimeSTAMP-

YFP-miniSOG, that are present in the different neuronal compartments of Untreated and DOPAL-

treated neurons.  
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Figure 4.13 DOPAL increases ILVs size and promotes αSyn loading in MVBs. (a-b) 

Quantification of the Feret Diameter (nm) of MVBs and ILVs in Untreated and DOPAL-treated 

neurons. (c) Quantification of ILVs loading in MVBs, expressed as number of ILVs in each MVB 

and ratio between the area covered by the ILVs to the MVB area. Images were collected from one 

independent experiment, two photo-oxidized areas each condition (Untreated 64 MVBs, 401 ILVs – 

DOPAL 28 MVBs, 278 ILVs). Data are presented as box-plot and, for the ILVs’ Feret diameter, as 

frequency distribution (relative frequency), fitted with the Gaussian distribution (the color code is 

coherent in the two graphs). Mean values were analyzed by non-parametric Mann-Whitney test (** 

p<0.01, **** p<0.0001).  
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4.1.6 DOPAL exacerbates αSynuclein aggregation in the soma and in the 

periphery. 

As mentioned before, it has already been demonstrated that DOPAL 

administration triggers αSyn aggregation in different cellular models. However, a 

precise localization of DOPAL-αSyn oligomers in different neuronal compartments 

remains poorly investigated. To address this issue, we employed a recently 

developed probe for CLEM  to specifically localize αSyn dimers and oligomers at 

subcellular level (Boassa et al., 2019). Basically, a split version of the miniSOG 

protein is used for a protein fragment complementation assay (Fig. 4.14).  

 

Figure 4.14 CLEM of αSyn-split miniSOG in Untreated neurons and after the treatment with 

20 µM DOPAL for 16 hrs. Schematic diagram of the αSyn-split miniSOG protein fragment 

complementation assay. From Boassa et al, Cell Chem Biol 2019. 

 

Here, rat primary cortical neurons were co-infected (DIV8) with lentivirus encoding 

αSyn fused to the N-terminal fragment of miniSOG1-94 (fragmentA) and αSyn 

fused to the C-terminal fragment of miniSOG95-140 (fragmentB), respectively. Once 

the two miniSOG fragments reconstitute and incorporate the FMN cofactor from 

the environment, the complex becomes fluorescent as well as it can photo-oxidize 

for the CLEM approach. Of note, this probe was modified to increase the miniSOG 

fragments solubility. Also, the complementation of the two miniSOG fragments is 

reversible and more dynamic compared to other complementation assays, i.e. the 

split-GFP or split-Venus (Boassa et al., 2019). This implies that the split-miniSOG 

reconstitution is mainly driven by the interaction between at least two αSyn 

molecules, hence the darker electron-dense signal reflects the specific labeling of 

αSyn dimers and oligomers. 
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As a preliminary experiment, rat primary cortical neurons co-expressing αSyn with 

the two miniSOG fragments were treated with 20 µM DOPAL for 16 hrs, followed 

by CLEM analysis (Fig. 4.15).  

 

Figure 4.15 CLEM of αSyn-split miniSOG in Untreated neurons and after the treatment with 

20 µM DOPAL for 16 hrs. (a) Confocal imaging of live fluorescent neurons and fixed neurons after 

photo-oxidation, as overlay of reconstituted miniSOG fluorescence (green signal) and bright field 

image. Scale bar: 10 µm. (b) Electron micrograph of the cell body of the photo-oxidized neurons, 

imaged at TEM. N = nucleus. Scale bar: 2 µm. 

 

Both in treated and untreated neurons, αSyn oligomers are mainly found 

accumulated as fibrillar and proto-fibrillar structures in lysosomal compartments of 

the perinuclear region, with increased signal in the DOPAL-treated sample (Fig. 

4.16, red arrows). The identification of these fibrillar structures can only be done 

on a morphological base, as we are at the very edge of the resolution capacity of 

the methodology and it would be difficult to conduct any structural measurement.  
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Figure 4.16 CLEM of αSyn-split miniSOG in Untreated neurons and after the treatment with 

20 µM DOPAL for 16 hrs, focusing on perinuclear lysososmes. Electron micrograph of the cell 

body of the photo-oxidized neurons, with higher magnification of the perinuclear lysosomes with 

αSyn-miniSOG positive proto-fibrillar and fibrillar-like structures (red arrows). 

 

Consequently, a CLEM experiments was performed in rat primary cortical neurons 

subjected to a longer DOPAL treatment at a higher dose (100 µM DOPAL for 24 

hrs), in line with the CLEM experiments with the αSyn-TimeSTAMP-YFP-miniSOG 

probe (Fig. 4.17a-b). Consistently, αSyn oligomers were accumulated in the soma 

in lysosomal-like compartments (Fig. 4.18a, red arrows). As in the previous CLEM 

experiments, the signal from the photo-oxidized αSyn reveals fibrillar-like 

structures and the lysosomal compartments present a wider area in the DOPAL- 

treated neurons. 

Of note, in the untreated neurons, we didn’t detect any signal of the reconstituted 

miniSOG at the pre-synaptic level, coherently with the work by Boassa et al. This 

could be due to the dynamic interaction among αSyn monomers, that don’t 
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stabilize into oligomeric forms at synapses. Instead, in DOPAL-treated neurons a 

positive DAB signal was detected at pre-synaptic terminals around synaptic 

vesicles membrane (Fig. 4.18b, blue arrows). In the presence of DOPAL, αSyn 

oligomers are made of covalent and irreversible interactions among modified 

proteins, enhancing the signal of the reconstituted split-miniSOG even at the 

synapses. Anyway, the detected oligomers in the periphery are way less 

compared to the strong signal in the lysosomes of the soma, as well as more 

images needs to be collected to support this statement. It is also worth to mention 

that we cannot rule out the possibility of a DOPAL-induced aggregation among 

overexpressed human αSyn monomers and the endogenous rat monomers, since 

we are not able to estimate the ratio of the local concentration of the αSyn 

molecules of the two species. 

 

Figure 4.17 CLEM of αSyn-split miniSOG in untreated neurons and in neurons treated with 

100 µM DOPAL for 24 hrs. (a) Confocal imaging of live fluorescent neurons and fixed neurons 

after photo-oxidation, as overlay of reconstituted split miniSOG fluorescence (green signal) and 

bright field image. Scale bar: 10 µm. (b) Electron micrograph of the cell body of the photo-oxidized 

neurons. Scale bar: 1 µm. 
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Figure 4.18 CLEM of αSyn-split miniSOG in untreated neurons and in neurons treated with 

100 µM DOPAL for 24 hrs, focusing on the lysosomes in the cell bodies and the pre-synaptic 

terminals. (a) EM images at higher magnification of the neuronal soma and lysosomal-like 

compartments. The red arrows indicate the αSyn-miniSOG positive proto-fibrillar and fibrillar-like 

structures. N = nucleus. (b) EM images of pre-synaptic terminals in the two conditions tested. The 

blue stars highlight the post-synaptic density; the light blue arrows indicate the oligomeric αSyn-

miniSOG signal around the membrane of a few synaptic vesicle. In all images, the last column 

shows the inset at higher magnification. 
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Furthermore, we observed the presence of αSyn oligomeric species in vesicles 

inside the MVBs, both in untreated and DOPAL-treated samples (Fig. 4.19, yellow 

arrows). Consistently with the CLEM experiments with the αSyn-TimeSTAMP-

YFP-miniSOG probe, no difference was observed in the MVBs lumen dimension 

(Fig. 4.20a, Feret diameter: Untreated: 269.6 ± 20.7 nm; DOPAL: 251.3 ± 35.0 

nm), while DOPAL induces a significant increase in ILVs size (Fig. 4.20b, Feret 

diameter: Untreated: 41.67 ± 0.54 nm; DOPAL: 49.40 ± 0.76 nm). Also in this 

experiment, the measured Feret diameter of the ILVs in DOPAL-treated neurons 

presents more variability among vesicles (see the σ of the gaussian fit in the 

figure) compared to the untreated condition, potentially due to the different 

modulation of vesicle curvature by DOPAL-αSyn off-pathway oligomers. Indeed, 

αSyn-split miniSOG signal was mostly detected on the boundaries of ILVs, 

suggesting the association of αSyn oligomers on ILVs membrane. 

 

 

Figure 4.19 CLEM of αSyn-split miniSOG in untreated neurons and in neurons treated with 

100 µM DOPAL for 24 hrs, focusing on MVBs. Representative EM images of MVBs (yellow 

arrows) positive for photo-oxidized αSyn-split miniSOG in Untreated and DOPAL-treated neurons.  
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Figure 4.20 DOPAL effect on ILVs and MVBs in the CLEM of αSyn-split miniSOG. (a-b) 

Quantification of the Feret Diameter (nm) of MVBs and ILVs in Untreated and DOPAL-treated 

neurons. (c) Quantification of ILVs loading in MVBs, expressed as number of ILVs in each MVB 

and ratio between the area covered by the ILVs to the MVB area. Images were collected from one 

independent experiment, one photo-oxidized area each condition (Untreated 13 MVBs, 179 ILVs – 

DOPAL 17 MVBs, 227 ILVs). Data are presented as box-plot and, for the ILVs’ Feret diameter, as 

frequency distribution (relative frequency), fitted with the Gaussian distribution (the color code is 

coherent in the two graphs). Mean values were analyzed by non-parametric Mann-Whitney test (**** 

p<0.0001).  

 

The correspondence on the analysis of the ILVs size between the two CLEM 

experiments, underscore the effect of DOPAL on αSyn and the ILVs size without 

any interference from the two different probes used (αSyn-TimeSTAMP-YFP-

miniSOG and αSyn-split-miniSOG). Instead, no significant variation in MVBs 

loading was observed, even though only few areas from one single experiment 

were analyzed so far (Fig. 4.20c). More sample are currently being analyzed. 
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4.2 Investigating the DOPAL-induced alteration of 

αSynuclein clearance. 

 

4.2.1 Rationale and experimental approach. 

Under physiological conditions, both the UPS and the ALP contribute in the αSyn 

clearance, according to the conformational state of the protein (Ebrahimi-Fakhari 

et al., 2011). Monomeric αSyn is reported to be degraded by the proteasome, the 

CMA or the endo-lysosomal pathway, whereas multimeric forms of the protein are 

mainly cleared by lysosomes. Instead, under pathological conditions, mutated 

αSyn and aberrant aggregates were suggested to impair both the proteasomal 

and the autophagic functions through different mechanisms (Xilouri et al., 2013).  

Here, we aimed to investigate whether the observed DOPAL-induced 

accumulation and aggregation in the various neuronal compartments was 

consistent with an altered clearance of DOPAL-modified αSyn and DOPAL-αSyn 

oligomers. Consistently, an in vitro experiment of limited proteolysis by the non-

specific proteinase K (PK) of DOPAL-αSyn oligomers highlights a less efficient 

digestion of DOPAL-modified αSyn species compared to the unmodified αSyn 

monomer (Fig. 4.211a-b). In a cellular contest, this could be translated into a 

general impaired degradative capacity by the cytoplasmic, proteasomal and 

lysosomal proteolytic enzymes, inducing an uncontrolled αSyn accumulation. 

To test the hypothesis of a DOPAL-dependent impaired degradative capacity, we 

used diverse experimental approaches (i.e. pulse-chase experiments, imaging, 

cytofluorimetry) to study αSyn degradation rates and αSyn trafficking through the 

endo-lysosomal pathway. In this frame, it is worth mentioning that the study of 

αSyn degradation has an intrinsic level of complexity, as the protein exists both in 

the monomeric and oligomeric states, especially when overexpressed. Hence, 

when measuring αSyn turn-over we need to consider the presence of both species 

and their relative contribution, which cannot be dissected with all approaches.  
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Figure 4.21 In vitro Proteinase K digestion of recombinant αSyn monomer and DOPAL-αSyn 

oligomers. (a) SDS-Page of the time-course of the PK digestion of recombinant monomeric αSyn 

and DOPAL-αSyn oligomers. (b) Quantification of the unmodified αSyn monomer and DOPAL-αSyn 

monomer, dimer and trimer band intensity, normalized to the amount present at t0. Data are 

presented as Mean ± SEM from n=4 independent experiments and fitted by one-phase decay 

equations. 

 

As cellular model, we chose the catecholaminergic neuroblastoma-derived BE(2)-

M17 cell line. Although they are less used than the SH-SY5Y cells in PD-related 

studies, under the differentiation with retinoic acid, the BE(2)-M17 cells present a 

neuronal-like phenotype and a higher expression of the enzymes of the 

dopaminergic pathway, as well as higher concentration of DA and its metabolites 

(Filograna et al., 2015). Both SH-SY5Y and BE(2)-M17 cells present an 

endogenous expression of αSyn. However, the endogenous αSyn is hard to 

detect by conventional western blot, since its concentration is estimated to be in 

the range of picograms of αSyn per µg of total proteins (Fig. 4.22a-c). In our 

experiments, αSyn was usually overexpressed with various tags cloned in frame at 

the C-terminus to have congruous amount of protein to work with (i.e. nanograms 

of αSyn-EGFP per µg of total proteins, Fig. 4.22b-c) and to perform all the 

different presented assays. 
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Figure 4.22 αSyn expression levels in SH-SY5Y and BE(2)-M17 cells. (a) Western blot of 

different amounts of endogenous αSyn in SH-SY5Y and BE(2)-M17 cells compared with a standard 

curve of recombinant αSyn. (b) Western blot of different amounts of over-expressed αSyn-EGFP in 

SH-SY5Y and BE(2)-M17 cells after transient transfection compared with a standard curve of 

recombinant αSyn-EGFP. (c) Based on the densiometric analysis of the bands in the immunoblots 

and the standard curves generated with the recombinant αSyn and αSyn-EGFP, the αSyn 

expression levels of αSyn in the two cells lines were calculated.  

 

 

4.2.2 DOPAL stabilizes αSynuclein oligomers and affects αSynuclein 

degradation rates. 

To study αSyn degradation rates we performed pulse-chase experiments using 

the HaloTag labeling technology. The HaloTag protein is a bacterial haloalkane 

dehalogenase (33 kDa) designed to covalently bind synthetic ligands through an 

irreversible and specific cloroalkane reaction (Los et al., 2008). HaloTag ligands 

can be functionalized by different probes i.e. biotin and fluorophores (Fig. 4.23).  
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Hence, the administration of HaloTag ligands allows to specifically label the 

subpopulation of αSyn-HaloTag constructs that are expressed in the cells during 

the time-frame of the pulse. After washing-out the excess of unbound ligand, 

protein degradation can be analyzed by measuring the changes of the labeled 

αSyn-HaloTag levels over time by a biochemical or an imaging approach, 

according to the type of ligand used. 

  

 

 

 

Figure 4.23 HaloTag labeling technology. Schematic representation of the αSyn-HaloTag 

construct, the HaloTag protein / HaloTag ligand interaction and details of the structures of the 

HaloTag ligands.  

 

Here, the advantage is to specifically label the protein of interest without 

perturbing the whole cellular proteome, while in the commonly used approach of 

de novo protein synthesis inhibition by cycloheximide (CHX) the general 

proteostasis is altered. Hence, this strategy appears more suitable to analyze the 

effect of DOPAL on αSyn.   

In a first set of experiments, we used a biochemical approach by overexpressing 

the αSyn-HaloTag construct in BE(2)-M17 cells, followed by a pulse-chase with 

the HaloTag biotin ligand. In Fig. 4.24a, the experimental strategy used for the 

αSyn-HaloTag pulse-chase with biotin ligand is described. After an overnight 

100µM DOPAL  treatment, cells were pulsed with the 5 µM HaloTag-biotin ligand 

for 3 hrs. Once the excess of ligand was washed-out, cells were collected at 

different time-points, lysed, and the biotinylated HaloTagged αSyn was isolated by 

protein pull-down with streptavidin-coated beads. 

Both the wild-type αSyn and the K96R mutant were considered. Indeed, lysine 96 

(K96) is believed to be a main ubiquitination site to target αSyn to the lysosomal 

degradation by the E3-ubiquitn ligase Nedd4 (Tofaris et al., 2011); second, K96 is 
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within the CMA-recognition motif of αSyn (Cuervo et al., 2004). Interestingly, K96 

was one of the lysines modified by DOPAL in our LC-MS experiments on αSyn 

purified from DOPAL-treated BE(2)-M17 cells (Plotegher et al., 2017). 

 

 

Figure 4.24. Pulse-chase experiment with HaloTag labeling technology in BE(2)-M17 cells – 

biochemical approach. (a) Schematic representation of the experimental setup of the pulse-chase 

experiment. (b) Western blot of the isolated biotin-labeled αSyn-HaloTag (WT and K96R) over time, 

in untreated and DOPAL-treated cells. In the figure, a longer (20 mins) and a shorter exposure (15 

sec) of the immunoblot with the anti αSyn MJFR1 antibody is showed. Also, the immunoblot with the 

anti-pSer129 and the anti-Actin antibody of the pull-down flow-through is reported.  
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The western blot analysis of the isolated proteins in Fig. 4.24b reveals two distinct 

αSyn-positive bands, corresponding to a monomer (~52 kDa) and a covalent 

SDS-resistant oligomeric form (between 130 kDa and 175 kDa). Each αSyn band 

intensity was first normalized for the Actin in the flow-through of the pull-down and 

then expressed as fold-change relative to the αSyn band of t0 of untreated of 

each αSyn variant.  

The quantification of bands corresponding to the monomeric form (Fig. 4.25a) 

show a progressive decrease αSyn levels in the untreated cells, with a similar 

pattern in both the WT and the K96R αSyn-HaloTag. Instead, in the DOPAL-

treated cells, higher levels of the monomeric αSyn in both genotypes are 

measured, suggesting a progressive accumulation of DOPAL-modified αSyn-

HaloTag during the overnight treatment. Also, the level of the monomer is 

basically constant within the 30 hrs of the experiment. Although αSyn-positive 

bands at lower molecular weight of the monomer in the DOPAL-treated samples, 

suggest the presence of degradation products or truncated αSyn-HaloTag. This 

could imply both an attempt to degrade the DOPAL-modified αSyn monomers but 

also a cleavage of αSyn in response to DOPAL, that needs further investigations.  

 

 

Figure 4.25 Pulse-chase experiment with HaloTag labeling technology in BE(2)-M17 cells – 

biochemical approach. Quantification of the levels of the αSyn-HaloTag (a) monomer and (b) 

oligomer during the time-course. Data are presented as Mean ± SEM from n=4 independent 

experiments.  
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Correspondingly, the quantification of the oligomeric αSyn-HaloTag in Fig. 4.25b, 

points out a higher accumulation of DOPAL-induced oligomers at t0 (3-4 fold), 

followed by a rapid increase in the first 4 hrs and a slow decay during the time-

course. Interestingly, the K96R αSyn mutant displays a higher resistance to 

degradation in DOPAL treated cells, suggesting the implication of the lysosomal 

pathway in mediating the clearance of pathological forms of αSyn. 

Few other considerations are due in the analysis of this result. First, even though 

the sole αSyn-HaloTag overexpression induces minimal αSyn oligomerization 

(due to the αSyn propensity to aggregate and / or the effect of the tag), DOPAL 

shows its greatest action in enhancing and stabilizing the αSyn oligomers. This 

result confirms the DOPAL action in triggering αSyn oligomerization in covalent 

detergent-resistant species, which are more difficult to be degraded. Also, as for 

the previous experiments, we cannot exclude the possibility of aggregation 

between both the tagged and the endogenous αSyn. 

On the other side, it is worth mentioning that the αSyn-positive band at ~52 kDa 

represents both the unmodified and the DOPAL-modified αSyn-HaloTag 

monomers. This would lead to an underestimation of the effect of DOPAL-

modification in the degradation of the monomer, for example by competing with 

the ubiquitination that target αSyn monomers to the proteasome.  

Taken together, these data highlight the role of DOPAL in triggering αSyn 

oligomerization, stabilizing these species and decreasing αSyn turn-over. Because 

of the complexity of the regulation of αSyn degradation, which is mediated by 

different pathways, additional evaluations were considered to dissect the issue. 

 

4.2.3 DOPAL induces a dose-dependent increase in αSynuclein 

phosphorylation at serine 129. 

In the previous experiment, the immunoblot with the anti-pSer129 antibody on the 

monomeric αSyn-HaloTag, revealed a DOPAL-dependent increase in the level of 

monomeric αSyn phosphorylated at serine 129 (pSer129).  
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Interestingly, the estimated fraction of phosphorylated αSyn under physiological 

condition is around 4%, whereas in patients with synucleinopathies as well as 

transgenic animal models of PD, the fraction of pSer129 increases up to 90% 

(Oueslati, 2016). pSer129 has been reported to modulate αSyn membrane 

binding, interaction with metal ions, protein-protein interaction, subcellular 

localization but also to regulate protein turnover, with controversial evidence. Even 

though the precise role of this PTM on αSyn proteostasis is still unclear, pSer129 

is widely recognized as a marker of aberrant αSyn species.  

Here, immunocytochemistry and independent western blot analysis confirm a 

DOPAL dose-dependent hyper-phosphorylation of αSyn, suggesting that the 

DOPAL modification and induced aggregation of the protein generate αSyn 

species associated to the pathology (Fig. 4.26a-c). 

Based on the literature, multiple pathways have been proposed to mediate the 

clearance of phosphorylated αSyn. According to Machiya et al., the 

phosphorylated αSyn is targeted to the proteasomal degradation in a ubiquitin-

independent manner decreasing the overall αSyn half-life (Machiya et al., 2010), 

whereas the work by Oueslati suggests that the αSyn phosphorylation at Ser129 

by the PLK2 promotes the phosphorylated αSyn clearance via autophagy 

(Dahmene et al., 2017; Oueslati et al., 2013). Hence, we decided to compare in 

our model the half-lives of the WT αSyn with the K96R mutant and the non-

phosphorylable S129A αSyn form. However, a time-course experiment in the 

presence of CHX doesn’t reveal any significant variation in the kinetics of αSyn 

degradation in the three different genotypes analyzed (Fig. 4.27a-b). Specifically, 

the calculated half-lives are: αSyn(WT) t1/2 = 18.74 ± 2.34 hrs, αSyn(K96R) t1/2 = 

15.83 ± 3.80 hrs, αSyn(S129A) t1/2 = 18.95 ± 1.36 hrs (Fig. 4.27c).  

In the future, it will be of interest to determine the contribution of the different 

degradative pathways in mediating the degradation of the three αSyn variants and 

whether DOPAL modification on the protein when it cannot be phosphorylated has 

a different behaviour. 
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Figure 4.26 DOPAL-induced αSyn phosphorylation at Ser129. (a) Immunocytochemistry of 

BE(2)-M17 cells over-expressing αSyn-miniSOG after an overnight 0-50-100 µM DOPAL treatment. 

In the figure, two representative images at different magnification for each condition are showed, as 

merge of the miniSOG fluorescence (green), the immunolabeling with the anti-pSer129 antibody 

(magenta) and the Hoechst staining of the nuclei (blue). Scale bar: 10 µm. (b) Quantification of the 

pSer129 signal in each single cell, normalized for the relative miniSOG fluorescence and expressed 

as fold-change compared to untreated cells. continues 
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Figure 4.26 continues Data are presented as Mean ± SEM from n=3 independent experiments 

pooled together and analyzed by the non-parametric Kruskall-Wallis test with the Dunn’s multiple 

comparisons test (* p<0.05, ** p<0.01). (c) Western blot of BE(2)-M17 cells over-expressing αSyn-

miniSOG after various DOPAL treatments. In the figure, a longer and a shorter exposure of the 

immunoblot with the anti αSyn 211 antibody is showed, together with the immunoblot with the anti 

pSer129 and the anti-Tubulin antibody as loading control. 

 

 

 

Figure 4.27 Comparison among the αSyn WT, K96R and S129A degradation rates.  

(a) Western blot of BE(2)-M17 cells over-expressing αSyn(WT)-HaloTag, αSyn(K96R)-HaloTag and 

αSyn(S129A)-HaloTag. For each genotype, time-course experiments were performed within the 

inhibition of de novo protein synthesis by CHX 50 µg/ml. (b) Quantification of αSyn-HaloTag levels 

at the different time-points, normalized for the relative Tubulin band intensity and for the αSyn-

HaloTag amount at t0. Data are presented as Mean ± SEM from n=4 independent experiments per 

genotype and fitted by one-phase decay equations. (c) αSyn-HaloTag half-lives calculated in the 

individual experiments of each genotype. Data are presented as Mean ± SEM and analyzed by the 

non-parametric Kruskall-Wallis test with the Dunn’s multiple comparison test.  
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4.2.4 DOPAL promotes αSynuclein localization into lysosomal 

compartments. 

Taking advantage of the versatility of the HaloTag labeling technology, we 

performed a pulse-chase experiment following an imaging approach. In this case, 

we used the HaloTag JF570 fluorescent ligand (excitation peak at 570 nm) 

designed by the Lavis lab (HHMI Janelia Labs). As the other commercially 

available HaloTag ligand, the JF570 ligand easily diffuses in the cells and 

specifically binds the HaloTag proteins that are expressed in that time-frame. In 

this case, we aimed to study αSyn redistribution in the cells within the timeframe 

of DOPAL build-up in the cellular environment. In details, BE(2)-M17 cells 

overexpressing αSyn(WT)-HaloTag and αSyn(K96R)-HaloTag were administrated 

with 3 µM JF570 ligand for 30 minutes. After ligand wash out, cells were incubated 

with DOPAL 100 µM and fixed at different time points. The fluorescence signal of 

the JF570-labeled αSyn-HaloTag was then acquired with at the laser scanning 

confocal microscope (Fig. 4.28).  

 

Figure 4.28 Pulse-chase experiment with HaloTag labeling technology in BE(2)-M17 cells – 

imaging approach. Schematic representation of the experimental setup of the pulse-chase 

experiment. 

 

Surprisingly, the overall JF570 fluorescence doesn’t show a marked decrease 

over time (Fig. 4.29), failing to serve as assay to measure αSyn degradation rates. 

This is probably due to the high variability in the fluorescence intensity among 

cells, which limits a rigorous quantitative analysis of the variations in different 

pools of cells at each time-point, unless the analysis includes a considerable 

number of cells per sample. Also, the JF570 fluorophore revealed an intrinsic 

resistance to acidic pH and lysosomal proteases (see later). 
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Figure 4.29 Pulse-chase experiment with HaloTag labeling technology in BE(2)-M17 cells – 

imaging approach. Representative images of labeled αSyn(WT)-HaloTag and αSyn(K96R)-

HaloTag at the different time-points in untreated and DOPAL-treated cells. Images were acquired 

with a 40x objective and acquisition parameters were normalized to t=0 and kept unchanged for all 

conditions. Scale bar: 10 µm. 

 

Anyway, by observing the cells for both αSyn genotypes at t=48 hrs at a higher 

magnification, we noticed the presence of JF570-positive inclusions in the 

cytoplasm, significantly increased in the DOPAL-treated cells (Fig. 4.30a-b). 

Hence, in this experimental setup, a long-term DOPAL treatment leads to 

rearrangements in the intra-cellular distribution of αSyn, triggering its aggregation.  
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Figure 4.30 High magnification of JF570-labeled αSyn-HaloTag in BE(2)-M17 overexpressing 

cells, at t=48 hrs after the pulse-chase. (a) Representative images of labeled αSyn(WT)-HaloTag 

and αSyn(K96R)-HaloTag 48 hrs after the JF570 ligand pulse-chase, in untreated and DOPAL-

treated cells. Z-stack images were acquired with a 63x objective. Scale bar: 5 µm. (b) 

Quantification of the number of JF570-positive intra-cytoplasmic inclusions in the four conditions. 

Data from n=3 independent experiments for αSyn(WT)-HaloTag and n=2 independent experiments 

for αSyn(K96R)-HaloTag are pooled together; they are presented as Mean ± SEM and analyzed by 

Kruskal-Wallis non-parametric test with Dunn’s multiple comparisons test (* p<0.05, *** p<0.001).   

 

To better investigate the entity and the subcellular localization of αSyn aggregates 

induced by DOPAL in BE(2)-M17 cells, we performed a CLEM analysis on both 

the αSyn(WT)-HaloTag and αSyn(K96R)-HaloTag, as the JF570 HaloTag ligand is 

designed to catalyze the DAB polymerization under photo-oxidative conditions 

(Fig. 4.31a-c). Notably, in the untreated cells, αSyn is mostly monomeric and 

cytoplasmatic, as denoted by the darker diffuse staining. Instead, in the DOPAL-

treated cells, αSyn is highly accumulated in lysosomal-like compartments, 

confirming the previous observation at the confocal microscopy (Fig. 4.31b-d, 

indicated by yellow arrows). Indeed, in both experiments the K96R mutant 

appears to accumulate into the lysosomes to a less extent than the WT, which 

would be consistent with the impaired targeting to the endo-lysosomal pathway by 

the amino acidic substitution. 
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Figure 4.31 CLEM of αSyn(WT)-HaloTag and αSyn(K96R)-HaloTag in Untreated and DOPAL-

treated BE(2)-M17 cells, 48 h after the JF570 ligand pulse-chase. (a-c) Confocal imaging before 

and after photo-oxidation, as overlay of JF570 fluorescence (red signal) and bright field image. In 

the post photo-oxidation images, the appearance of the optically visible DAB reaction product 

correlates with the JF570 fluorescence. Scale bar: 10 µm. (b-d) Electron micrograph of the photo-

oxidized cells indicated by the white squares in the LM images. In the DOPAL-treated cells, the red 

arrows indicate the accumulated αSyn into the lysosomal-like compartments. N: nucleus. Scale bar: 

200 nm. 
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Finally, to further corroborate the observations that DOPAL is inducing on αSyn 

trafficking into the endo-lysosomal pathway, we are currently setting up 

cytofluorimetric assay with αSyn tagged by the pH-sensitive fluorophore mKeima 

(where “m” stands for monomeric). Briefly, the mKeima probe is a coral GFP-like 

protein of 25 kDa, resistant to acidic pH and lysosomal proteases (Katayama et 

al., 2008, 2011). The key feature is the different excitation spectra according to 

the pH of the surrounding environment. At pH8, the protein has an absorbance 

peak at 438 nm, which is progressively shifted at higher wavelength values with 

decreasing pH, with an absorbance peak at 550 nm at pH 4 (Fig. 4.32a). By 

calculating the ratio of the fluorescence emission at 600nm after excitation at both 

438 nm and 550 nm, it is possible to infer the pH of the compartment in which the 

protein is trafficking. Here, we adapted a protocol to measure the mitophagy index 

using the mito-Keima probe, that was set up by measuring the mito-Keima 

fluorescence switch in the cells by cytofluorimeter (Um et al., 2018). On the same 

line, the αSyn-mKeima construct was used to determine the percentage of αSyn 

trafficking into the lysosomes in response to DOPAL treatment together the 

modulation of the UPS and ALP. Specifically, αSyn-mKeima overexpressing 

BE(2)-M17 cells were analyzed at the cytofluorimeter for their dual-excitation 

ratiometric measurements (405 nm/561 nm; refer to the Materials and Methods 

section for details) that allows to cluster the positive cells into two groups: the “low” 

cells with a 561/405 ratio < 1 that represent the cells with more cytoplasmic αSyn; 

the “high” cells with a 561/405 ration > 1 that indicates the cells with more 

lysosomal αSyn (in Fig. 4.32b the representative results in basal condition are 

reported). In Fig. 4.32c a preliminary result, showing the quantification of the 

percentage of cell with lysosomal αSyn-mKeima after an overnight 100 µM 

DOPAL treatment, coupled with modulators of the protein degradation systems, 

suggests that DOPAL potentially promotes the lysosomal localization of αSyn, that 

is more emphasized when autophagy is upregulated by starvation. Also, the 

increasing levels of αSyn-mKeima in acidic compartments within the inhibition of 

the proteasome by MG132, suggests a contribution of the UPS in the degradation 

of the protein, even though any different behavior between the monomeric and the 

oligomeric αSyn cannot be dissected in this experimental setup.  
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In the future, this experiment will be performed again to confirm these preliminary 

observations and to explore whether prolonged DOPAL treatments exacerbate the 

αSyn lysosomal localization. 

 

Figure 4.32 Cytofluorimetric assay of αSyn trafficking into lysosomal compartments. (a) 

Excitation and emission fluorescence spectra of the mKeima probe. Adapted from Katayama et al., 

Chem Biol 2011. (b) Representative image of the output from the dual-excitation ratiometric 

measurement at the cytofluorimeter of αSyn-mKeima over-expressing BE(2)-M17 cells in basal 

condition. In the x axis, the emission in response to the excitation at 405 nm is plotted, in the y axis 

the excitation at 561 nm. (c) Quantification of the percentage of cells with lysosomal αSyn-mKeima 

in untreated versus DOPAL-treated cells (100 µM DOPAL for 16 hrs), in basal conditions or in the 

presence of 20 nM Bafilomycin, 20 µM MG132 and autophagy activation by starvation. Data are 

presented as Mean ± SEM from n=2 independent experiments. 
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4.3 Studying the protein clearance capacity of cells in the 

presence of accumulated DOPAL. 
 

4.3.1 Rationale. 

In neurons, the regulation of protein turn-over and clearance is an essential 

process to ensure the proper cellular homeostasis. This represents a challenge as 

neurons are post-mitotic cells that must rely on their protein quality control 

systems to avoid the accumulation of misfolded and aggregated proteins. 

However, in PD and other neurodegenerative diseases, the failure of protein 

degradation systems is a well-known feature that leads to protein burden and 

further deposition in LBs (Ross and Poirier, 2004). 

As mentioned before, αSyn turn-over depends on both pathways. However, 

pathological αSyn species i.e. oligomeric or mutated αSyn, are believed to impair 

both UPS and ALP functionality. Hence, a similar hindering action could be 

associated to both DOPAL-modified αSyn and DOPAL-αSyn oligomers. 

Starting from the DOPAL-induced decreased αSyn degradation and accumulation 

in the lysosomal compartments, we aimed to investigate the functionality of the 

UPS and the autophagic flux, wondering whether the cell can efficiently remove 

the DOPAL-αSyn species and maintain the appropriate cellular proteostasis. 

 

4.3.2 DOPAL build-up potentially impairs the ubiquitin-proteasome system.  

The ubiquitination by poly-ubiquitin chains built on K11- and K48-linkages 

represent the main post-translational modification that target the proteins to the 

degradation by the proteasome. Hence, a commonly used read-out of the 

impaired proteasome activity is the assessment of the ubiquitinated proteins 

amount of the cells by western blot (Myeku et al., 2011). Interestingly, we detected 

a dose-dependent accumulation of high-molecular-weight ubiquitinated proteins 

both in BE(2)-M17 cells and rat primary cortical neurons after treatment with 

increasing concentrations of DOPAL (Fig. 4.33a-c).  
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Figure 4.33 Accumulation of ubiquitinated proteins as read-out of DOPAL-induced inhibition 

of the proteasome. (a) Immunoblot with the anti-Ubiquitin antibody in BE(2)-M17 cells after an 

overnight treatment with increasing concentrations of DOPAL (0-25-50-70-85-100 µM). The anti-

Actin was used as loading control. (b) Band intensity profile of the smear detected by the anti-

ubiquitin antibody among the different DOPAL treatments. In the graph, the x axis is expressed in 

kDa, as each pixel along the smear was assigned to a specific molecular weight, based on the 

standard curve calculated from the distances among the bands of the protein ladder. (c) Western 

blot of BE(2)-M17 cells after an overnight treatment with 100 µM DOPAL, in untreated condition, 

DMSO or 20 µM MG132 administration. (d) Western blot of rat primary cortical neurons after an 

overnight treatment with increasing concentrations of DOPAL (0-25-50-100 µM).  
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A similar degree of accumulation of ubiquitinated proteins is observed upon 

pharmacological proteasome inhibition by MG132, with a cumulative effect after 

the co-administration of MG132 and DOPAL, suggesting that DOPAL is affecting 

the ubiquitin signaling and blocking the proteasomal activity (Fig. 4.33d).  

 

4.3.3 DOPAL build-up potentially affects the autophagic flux. 

In parallel, we investigated any alteration in the functionality of ALP induced by 

DOPAL treatments. Usually, to monitor the autophagic flux, the levels of the 

autophagic effectors and substrates LC3b-II and p62/SQSTM1 are quantified, 

comparing their relative amounts under basal condition with the pharmacological 

inhibition by small molecules i.e. chloroquine and bafilomycin A1. Chloroquine is a 

drug used in the prophylaxis of malaria, but it is also known to induce autophagy 

inhibition by blocking the acidification of lysosomes. Bafilomycin A1 is an 

antibiotics and specific inhibitor of the V-ATPase pump that regulates the proton 

influx in the lysosomal lumen. Moreover, bafilomycin A1 inhibits the lysosome 

fusion with the autophagosomes. In these experimental conditions, a low level of 

p62 indicates an active autophagic flux, instead the accumulation of both LC3b-II 

and p62 is a read-out of a blocked autophagy.  

Coherently, as showed in Fig. 4.34a and the relative quantification in Fig. 4.34b, 

the blockage of the autophagic flux by both chloroquine and bafilomycin A1 

induces an increase in the level of p62, whereas the starvation promotes p62 

degradation leading to lower protein levels, as expected. Interestingly, the addition 

of DOPAL results in multiple p62-positive bands, suggesting the presence of SDS-

resistant p62 oligomers. Similarly, the immunolabeling with the anti-p62 antibody 

of BE(2)-M17 cells, reveals the presence of bright dots in the cytoplasm reveling 

accumulated p62 in DOPAL-treated cells, an effect that was exacerbated by the 

co-treatment of DOPAL and chloroquine (Fig. 4.34c). Indeed, p62 oligomerization 

is another indication of impaired autophagy. In this frame it is worth to mention 

that high levels of p62 oligomers are found in PD patients’ brains and within LBs 

(Kuusisto et al., 2003).  



116 

 

 

Figure 4.34 Studying the autophagic markers as read-out of the autophagic flux. (a) Western 

blot of BE(2)-M17 cells after an overnight 100 µM DOPAL treatment versus untreated cells, in basal 

condition, proteasome inhibition by 20 µM MG132, autophagy blockage by 50 µM chloroquine and 

20 nM bafilomycin A1, and autophagy activation by starvation. The immunoblot with the anti-p62 

antibody reveals both the p62 monomeric and oligomeric bands. The anti-Actin was used as 

loading control. (b) Quantification of the p62 levels, expressed as fold change compared to the 

basal untreated condition. Data are presented as Mean ± SEM from n=3 independent experiments 

with n=2 technical replicates each. In the figures, the grey dotted line is the reference of the level in 

the untreated basal sample, while the light blue dotted line is the reference of the DOPAL-treated 

sample. (c) Immunocytochemistry with the anti-p62 antibody of BE(2)-M17 cells untreated or 

treated with 100 µM DOPAL, 50 µM chloroquine and the coupled treatment of chloroquine and 

DOPAL. 
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Finally, as an impaired cellular proteostasis due to blockage of the ALP is 

frequently accompanied by the engulfment of the endoplasmic ER (Kaushik and 

Cuervo, 2015), we looked for the levels of Calnexin and Calreticulin as read-out of 

ER-stress. Although increasing DOPAL treatments results in progressive p62 

accumulation, no variations are observed in the Calnexin levels (Fig. 4.35).  

 

 

 

 

 

 

Figure 4.35 DOPAL doesn’t affect Calnexin levels. Western blot of BE(2)-M17 cells after an 

overnight treatment with increasing concentrations of DOPAL (0-25-50-70-85-100 µM). The 

immunoblot was performed with anti-Calnexin antibody, the anti-p62 antibody as positive control of 

DOPAL effect and the anti-Actin as loading control. 

 

Coherently, the alteration of the protein degradation systems activity by starvation 

or administration of MG132, chloroquine and bafilomycin A1, doesn’t result in 

significant differences in neither Calnexin or Calreticulin, except for the Calnexin 

levels within the proteasome inhibition by MG132 indicating  Calnexin as substrate 

of the UPS (Fig. 4.36a-c). Although these results need to be confirmed by 

studying other markers, they suggest that DOPAL build-up is potentially hindering 

the protein clearance capacity, without affecting the protein quality regulation at 

the ER level. 
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Figure 4.36 Studying the markers of the ER-stress. (a) Immunoblot with the anti-Calnexin and 

the anti-Calreticulin in of BE(2)-M17 cells after an overnight 100 µM DOPAL treatment versus 

untreated cells, in basal condition, proteasome inhibition by 20 µM MG132, autophagy blockage by 

50 µM chloroquine and 20 nM bafilomycin A1, and autophagy activation by starvation. 

Quantification of the (b) Calnexin and (c) Calreticulin levels, expressed as fold change compared to 

the basal untreated condition. Data are presented as Mean ± SEM from n=3 independent 

experiments with n=2 technical replicates each and analyzed by non-parametric Kruskal-Wallis test 

with Dunn’s multiple comparison test (* p<0.05, ** p<0.01). In the figures, the grey dotted line is the 

reference in the untreated basal sample, while the light blue dotted line is the reference of the basal 

DOPAL-treated sample. 
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4.4 Exploring the use of biguanidine molecules as 

translational approach to control DOPAL-associated 

toxicity. 

 

4.4.1 Rationale. 

Several articles highlighted the beneficial effect of antioxidants i.e. N-

acetylcysteine, glutathione and ascorbic acid in preventing the oxidation of the 

catechol moiety of DOPAL, its modification of cysteines residues of proteins and 

the general DOPAL-induced oxidative stress (Anderson et al., 2011; Jinsmaa et 

al., 2018). Here, we started to explore an alternative translational approach to 

target the aldehyde moiety of DOPAL, which is responsible for the covalent 

modification of αSyn lysines, triggering αSyn oligomerization.  

Specifically, we started to work with the biguanidine class of molecules, as they 

represent a reservoir of primary amines, the main target of the aldehydic group. 

Among them, aminoguanidine (AG) and metformin (Fig. 4.37) have been already 

investigated in their action as scavenger of the advanced glycation end products 

(AGEs), another type of aldehyde molecule whose levels are increased in 

diabetes-linked pathologies (Biosa et al., 2018).  

 

 

 

Figure 4.37 Biguanidine molecules as aldehyde scavengers. Molecular structures of 

Aminoguanidine and Metformin. The light blue circles highlight the primary amine groups.  

 

In details, AG (Pimagedine) was proposed in the prophylaxis of diabetic 

retinopathy and diabetic nephropathy (Thornalley, 2003). More recently, its 

beneficial role in reducing the αSyn toxicity and aggregation induced by 

methylglyoxal has been demonstrated (Vicente Miranda et al., 2017). 
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Second, it is worth mentioning that metformin is an FDA approved drug since 

1994 for the treatment of Type 2 Diabetes (T2DM). Interestingly, T2DM has been 

recognized as a risk factor for PD (Biosa et al., 2018). Treatments with metformin 

were showed to have not only antidiabetic but also neuroprotective action 

(Rotermund et al., 2018). From a molecular point of view, metformin acts on 

different pathways i.e. controlling mitochondrial physiology, activating the 

autophagic pathway and modulating neuroinflammation. It has been also 

demonstrated to reduce the elevation of phosphorylated αSyn by the mTOR-

dependent activation of the phosphatase 2A (Katila et al., 2017; Pérez-Revuelta et 

al., 2014). 

Hence, in this last section of the project, we aimed to investigate the beneficial 

role of aminoguanidine and metformin in rescuing the DOPAL-induced αSyn 

oligomerization as well as the DOPAL-induced impairment of the protein 

degradation system.  

 

4.4.2 Aminoguanidine acts as DOPAL scavenger and prevents the DOPAL-

induced αSynuclein oligomerization in vitro. 

The ability of DOPAL to covalently modify αSyn lysines and trigger αSyn 

oligomerization in vitro is well established (Anderson et al., 2016; Burke et al., 

2008; Follmer et al., 2015; Jinsmaa et al., 2014, 2019; Lima et al., 2018; Plotegher 

et al., 2017). Interestingly, the incubation of AG together with DOPAL and 

recombinant αSyn progressively prevents the DOPAL-αSyn in vitro aggregation 

(Fig. 4.38a), hindering the formation of DOPAL-αSyn dimer, trimer and tetramer in 

a dose-dependent manner (Fig. 4.38b). Also, in the Comassie blue stained gel, 

the DOPAL modification on αSyn monomers can be deduced from the presence 

of a smeared band, compared to the sharp band of the unmodified recombinant 

αSyn. However, in the presence of AG, even the monomeric αSyn is less modified 

by DOPAL, as the band profile progressively resembles the pure αSyn monomer 

(Fig. 4.38c). 
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Figure 4.38 Aminoguanidine prevents the DOPAL-induced αSyn oligomerization in vitro. (a) 

SDS-Page stained by Comassie blue of recombinant αSyn and DOPAL-αSyn oligomers in the 

presence of increasing aminoguanidine concentration. (b) Quantification of the band intensity of 

DOPAL-αSyn dimer and trimer normalized for the different species in the sample without 

aminoguanidine. Data are presented as Mean ± SEM from n=4 independent experiments. In the x-

axis, the ratio between the concentration of DOPAL to AG are converted to a log10 scale; data are 

fitted by a linear regression (R2 = 0.99). (c) Comparison of the intensity profile of the band 

corresponding to the monomeric αSyn in the different lanes. 

  

 

 

 



122 

 

4.4.3 Treatments with biguanidine molecules prevent the DOPAL-induced 

impairment of protein degradation systems in BE(2)-M17 cells. 

We then explored the beneficial role of biguanidine molecules in BE(2)-M17 cells. 

As starting approach, we investigated whether their administration would succeed 

in preventing the DOPAL-induced impaired proteostasis. First, we performed cell 

viability assays, to identify the maximum concentrations that would be tolerated by 

the cells without inducing any cytotoxicity effects. AG results to be beneficial at 

concentrations up to 1mM when administrated for 24 hrs (Fig. 4.39a), whereas 

10mM metformin  increases cell viability in the first 24 hrs, leading to a certain 

degree of toxicity when administrated for 48 hrs, as well as at higher concentration 

(Fig. 4.39b).  

 

Figure 4.39 Aminoguanidine and metformin cytotoxicity in BE(2)-M17 cells. MTS cell viability 

assay in BE(2)-M17 cells treated with (a) aminoguanidine 100 µM, 1 mM, 10 mM for 24 hrs and (b) 
metformin 10 mM and 100 mM for 16-24-48 hrs. Cell viability was calculated in relation to the PBS-
treated control cells, considered 100% of viability.  

 

We then performed some preliminary experiments to study the effects on the p62 

levels, as read-out of impaired protein degradation. Indeed, the co-treatment with 

100 µM DOPAL and 100 µM AG reduces the level of p62 compared to the sole 

DOPAL treatment, suggesting that AG is, at least in part, scavenging the DOPAL 

molecules (Fig. 4.40a). More importantly, when 50 mM metformin is administrated 

8 hrs before adding the 100 µM DOPAL to the cell medium, the increase of 

available primary amines reduces the levels of accumulated high-molecular-weight 

ubiquitinated proteins as well as p62 (Fig. 4.40b-c).  
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Although these experiments show promising results, in the future we plan to 

confirm these data and to explore the ability of these molecules in restoring the 

proper αSyn proteostasis.  

 

Figure 4.40 Biguanidine molecules potentially rescue the DOPAL-induced impaired 

proteostasis. (a) Immunoblot with anti-p62 antibody of BE(2)-M17 cells co-treated with 100 µM 

DOPAL and 100 µM AG and relative quantification of the band intensity, normalized for Actin and 

the level in the untreated cells. Data are presented as Mean ± SEM from n=3 independent 

experiments with n=2 technical replicates each and analyzed by non-parametric Kruskal-Wallis test 

with Dunn’s multiple comparison test (* p<0.05). (b) Immunoblot with the anti-ubiquitin and the anti-

p62 antibodies of BE(2)-M17 cells treated with 100 µM DOPAL, 50 µM chloroquine as positive 

control and the coupled treatment. In the last two samples, cells were pre-treated with 50 mM 

metformin for 8 hrs before DOPAL addition. (c) Immunolabeling of p62 in BE(2)-M17 cells treated 

with the same conditions of the western blot experiment. Scale bar: 10 µm. 
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5. DISCUSSION. 
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5.1 DOPAL affects αSynuclein proteostasis. 

 

In the first part of our project, we aimed to investigate whether increasing DOPAL 

levels in neurons would affect the physiology of its preferential target αSyn, in 

terms of mobility, localization and degradation among the different neuronal 

compartments. In the first instance, we studied αSyn trafficking by a pulse-chase 

experiment coupled to live time-lapse imaging with αSyn-TimeSTAMP-YFP-

miniSOG probe. The variations of the fluorescent αSyn signals in the different 

conditions tested, suggests that DOPAL affects the relative levels of the protein in 

the neuronal soma and the periphery, which is exacerbated by microtubules 

depolymerization induced by Nocodazole. However, an attempt to single out the 

mechanisms that govern αSyn proteostasis, needs to face with the complexity of 

its regulation in neurons. The observed DOPAL-induced alterations potentially 

derive from a combination of an impaired mobility of αSyn along the axons and a 

decreased degradation efficiency. This is particularly evident in the presence of 

Nocodazole and DOPAL, when the marked increase of the αSyn amounts both in 

the soma and the peripheral terminals reflects degradative issues. On this ground, 

we are currently working on a model that would include the contribution of all 

variables, to dissect the effect of DOPAL in the mobility and clearance of αSyn.  

αSyn axonal transport is reported to occur by both fast and slow components, 

mainly in association to vesicles rather than axon skeleton proteins (Jensen et al., 

1999). According to Utton et al., αSyn traffics in both anterograde and retrograde 

directions on intact microtubules, as αSyn was showed to interact with both 

kinesin 1- and dynein-containing complexes (Utton et al., 2005). It is then 

plausible that a modification of αSyn lysines by DOPAL might impact the αSyn 

association with these structures and molecular motors, both carrying vesicles and 

axonal proteins. On the other hand, DOPAL-αSyn aggregates themselves could 

impair and disrupt the axonal trafficking. Indeed, the work by Volpicelli-Daley 

extensively explored the effects of αSyn aggregates on the axonal transport. She 

and other authors suggested that the generation of aggregated αSyn in the 

periphery, both oligomers and large aggregates, induces the degeneration of the 

axonal infrastructure, starting from the periphery (Prots et al., 2018; Volpicelli-
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Daley, 2017b). This idea also supports the “dying back hypothesis” for PD 

(Hornykiewicz, 1998), in which the early events of the degeneration process start 

from the synapse dysfunction and loss, followed by a progressive axonal 

disruption and degeneration of the soma. Coherently, we noticed a progressive 

accumulation of fluorescent αSyn in dystrophic terminals in the live imaging of 

DOPAL-treated neurons. Also, the presence of aggregated αSyn-positive 

structures in neurites were observed in the CLEM experiment of the αSyn-split-

miniSOG in DOPAL-treated neurons, suggesting a similar effect induced by 

DOPAL-build up in neurons. 

Based on the considerations we just made, one important aspect is the DOPAL-

induced effect at the pre-synaptic level. We already demonstrated that DOPAL 

treatment in primary neuronal cultures resulted in a dose-dependent redistribution 

of the synaptic vesicles pools (Plotegher et al., 2017). Here, the pivotal point is to 

correlate this observation with a mechanism through which DOPAL elicits this 

effect on αSyn. Thus, the CLEM approach provides a powerful tool to specifically 

trace αSyn at the terminals, comparing the αSyn overexpressing neurons with the 

non-transfected ones, where we assume only the endogenous rat αSyn is present 

(even if it is not detectable by CLEM). Also, the high resolution of the technique 

allows to describe morphological differences on the details of synapse 

architecture, that potentially consents to infer functional implications. For instance, 

the over-expression of the tagged human αSyn resulted in increased and more 

heterogeneous dimension of synaptic vesicles, together with a shorten intra-

vesicles distance. This would imply an effect due to the presence of αSyn 

oligomers (generated by the sole αSyn overexpression), in terms of altered 

vesicles curvature, but also clustering and trafficking, which is consistent with the 

large body of evidence present in the literature (Janezic et al., 2013; Nemani et 

al., 2010; Wang et al., 2014). However, the plot of the distribution of the inter-

vesicles distances in the DOPAL-treated αSyn-overexpressing neurons, presents 

a slight shift towards bigger distances that might be explained by a reduced 

membrane-binding affinity of the DOPAL-modified αSyn, at least in its monomeric 

form (Follmer et al., 2015). Importantly, the CLEM experiment with the split-

miniSOG probe evidenced some signal, that corresponds to the presence of 
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oligomeric forms, at the pre-synaptic terminals only in the DOPAL-treated 

neurons. Although only a few vesicles were surrounded by αSyn oligomeric 

species, this might be sufficient to trigger a synapse dysfunction in the light of the 

demonstrated pore-forming action of the DOPAL-αSyn large oligomers on the 

vesicle membranes (Plotegher et al., 2017). It is also worth mentioning that in a 

previous publication by the group of S. Roy, another bimolecular fluorescence 

complementation assay (BiFC) revealed the presence of multimerized αSyn at the 

pre-synaptic boutons in basal conditions (Wang et al., 2014), which appears in 

contrast with our observations. In this case, the split-Venus probe (VN/VC:αSyn) 

was used, however the reconstitution of the two Venus fragments is known to be 

irreversible, hence not only the αSyn oligomers but also the transiently interacting 

monomers are stabilized and detected by this method. On the contrary, the split-

miniSOG complementation has a reversible nature (Boassa et al., 2019), in which 

the reconstituted complexes derive by the sole stable interactions between the 

tagged proteins (αSyn monomers). Even though the presence of DOPAL-modified 

αSyn oligomers at the pre-synaptic terminals needs stronger evidence, the 

comparison between the experiments with the two different probes (the αSyn-split 

Venus and the αSyn-split miniSOG) potentially provides relevant hints on the 

physiology of αSyn. Taken together, the two sets of data suggest that in 

physiological conditions αSyn exists in a dynamic equilibrium between the 

monomers and the multimeric forms, whose function has to be clarified. Instead, 

in pathological conditions, i.e. DOPAL build-up, the generation of stable oligomers 

occurs, with consequent gain-of-toxicity of αSyn.  

To summarize, DOPAL modification of αSyn lysines generates different αSyn 

conformers that interfere with various neuronal processes (Fig. 5.1). DOPAL-

modified αSyn has a decreased membrane binding affinity, resulting in synaptic 

vesicles redistribution. The modified monomers cross-link, leading to covalent 

oligomers, that further associate into large aggregated. These annular-shaped 

objects are thought to be very toxic as they affect membranes integrity, i.e. 

synaptic vesicles. Also, both DOPAL-αSyn oligomers and aggregated might impair 

the axonal network and the protein degradation systems, just like αSyn on-

pathway oligomers and fibrils.  
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Figure 5.1 DOPAL-induced αSyn aggregation process and functional implications in 

neurons. DOPAL modification on αSyn generates αSyn covalent oligomers that further associates 

in large aggregates. All these species lead to functional toxic effects in neurons, like synapse 

dysfunction and impaired αSyn degradation. These effects are on the top of others that were 

already addressed to αSyn on-pathway oligomers and fibrils, i.e. disruption of the axonal trafficking 

and blockage of protein degradation systems. 

 

As mentioned before, the other key  issue is αSyn clearance. In the pulse-chase 

experiment using the HaloTag technology (in the biochemical approach with the 

biotin ligand) in BE(2)-M17 cells, we demonstrated that DOPAL exacerbates αSyn 

aggregation, decreases its degradation rates and stabilizes αSyn oligomeric 

forms. The more pronounced effect of DOPAL in promoting αSyn(K96R) 

oligomerization compared to the αSyn(WT) suggests that the ubiquitination of 

αSyn on Lys96 might be helpful in targeting αSyn toxic species to the endosomal 

pathway to the degradation by the lysosomes (Tofaris et al., 2011). Hence, an 

interesting issue would be to dissect the ubiquitination pattern on αSyn and 

whether DOPAL competes with the same modification sites (Fig. 5.1).  
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Also, the other aspect would be to identify the relative contribution and the efficacy 

of the proteasomal and the endo-lysosomal pathway in disposing DOPAL-αSyn, 

both monomers, oligomers and large aggregates. We are currently working on a 

way to model this complex interaction among αSyn, DOPAL, ubiquitin, the E3-

ubiqtuitin ligases Nedd4 and SIAH, but also PIAS2 and αSyn SUMOylation (Rott 

et al., 2017), as presented in Fig. 5.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Schematic representation of αSyn post-translational modifications kinetics. The 

variables to consider are the ubiquitination and SUMOylation, mediated by SIAH, Nedd4 and PIAS2 

respectively; as down-stream pathway, the degradation by the proteasome and the lysosomes and 

αSyn secretion. Instead, by competing for the same lysines, DOPAL triggers αSyn aggregation, 

prevents αSyn degradation and induces synaptic damage. Also, DOPAL-modified αSyn monomer 

and oligomer might affect the degradative pathways functionality. 
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In our work, data generated with several independent approaches substantiate the 

involvement of the ALP in the clearance of DOPAL-αSyn aggregates. More 

precisely, the CLEM experiments, both in rat primary cortical neurons (with the 

αSyn-TimeSTAMP-YFP-miniSOG and the αSyn-split-miniSOG probes) and in 

BE(2)-M17 cells (with the JF570 HaloTag ligand) clearly marked a high 

accumulation of aggregated αSyn in the perinuclear lysosomes, which is 

exacerbated by long-term DOPAL treatments. These observations lead us to the 

conclusion that the proteolytic activity of the lysosomal enzymes might not be able 

to degrade DOPAL-αSyn oligomers. Indeed, the in vitro limited proteolysis by the 

unspecific PK is coherent with a decreased ability to digest the DOPAL-αSyn 

oligomers. We also observed a DOPAL dose-dependent increase in αSyn 

phosphorylation at Ser129. Coherently, both phosphorylated αSyn and DA-

incubated αSyn were showed to dramatically inhibit the CMA pathway (Cuervo et 

al., 2004). Taken together, these evidences suggest a potential impairment of the 

autophagic pathway, which will be further discussed below. 

Finally, another important consideration is related to the upregulation of the 

endosomal pathway in DOPAL-neurons, where increased oligomeric αSyn-

positive ILVs were counted in MVBs, as well as a higher number and bigger 

vesicles each MVB. Interestingly, the clogging of the lysosomes and the disrupted 

axonal network are believed to promote the fusion of the MVBs with the plasma 

membrane, releasing their vesicles in the extra-cellular space (Alvarez-Erviti et al., 

2011). This is extremely relevant as the exosomes might represent a Trojan horse 

to healthy neurons, therefore spreading DOPAL-αSyn toxic oligomers to neighbor 

neurons and glial cells. In this frame, additional data from our lab demonstrated 

that DOPAL-αSyn containing exosomes administrated to primary neurons induce 

synapse dysfunction in terms of number of vesicles per synapse and increased 

vesicles average distance from the active zone (supplementary Fig. S1, Berti et 

al., unpublished data). Of note, this effect was only detected in wild-type neurons 

compared with αSyn null-cells, suggesting the importance of the endogenous 

αSyn to sustain toxicity of the αSyn seed up-taken with the exosomes. 
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5.1.1 Limitations of the experimental model and future aims.  

A few considerations are due on our experimental models. First, in most of the 

experiments, both in neurons and BE(2)-M17 cells, αSyn was overexpressed with 

various tags. Although these tags were instrumental for the different strategies we 

applied to study αSyn trafficking, localization and clearance, we cannot exclude 

their potential contribution in the αSyn oligomerization and degradation processes.  

In primary neurons, being αSyn distribution highly compartmentalized in the cell 

body and the pre-synaptic terminals, it is not possible to estimate the αSyn 

overexpression levels by simple western blot of the cell lysate against a calibration 

curve generated from recombinant αSyn. While in BE(2)-M17 cells, we estimated 

a 1000-fold overexpression of the EGFP-tagged αSyn compared to the 

endogenous levels and this data might slightly differ according to the promoter in 

the plasmid used for the overexpression. To overcome this issue, we generated in 

our lab monoclonal, stable and inducible BE(2)-M17 cells with the overexpression 

of untagged wild-type αSyn under the tetracycline promoter (αSyn-encoding DNA 

was cloned in the pINDUCER20 viral vector, (Meerbrey et al., 2011)). The 

advantage is a controlled doxycycline dose-dependent αSyn overexpression, that 

will be used for future investigations.  

Also, all our constructs are designed to express the tags in frame with the C-

terminus of αSyn. The rationale is to avoid any interference with the aggregation 

process and the membrane interaction, that occurs primarily at the N-terminal of 

the protein. However, our experimental strategy exclude the detection of truncated 

forms of the proteins i.e. αSyn 1-120 that was reported to rapidly self-aggregating 

and induce high level of neurotoxicity (Michell et al., 2007; Wegrzynowicz et al., 

2019). In the future, we plan to consider the use of N-terminal-tagged αSyn, as 

well as anti-αSyn antibodies that recognize various epitopes along the αSyn 

sequence to detect the different αSyn subpopulations. 

As second important aspect, we are exogenously administrating DOPAL of 

synthesis in the cell medium, which is believed to diffuse in the cells being a non-

polar molecule at physiological pH. Because of its high reactivity, the DOPAL 

treatment to cells occurs in serum-depleted media. However, the quantification of 
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the precise DOPAL amount within the cells is hard to measure. At present, the 

gold-standard technique is the High Pressure Liquid Chromatographic separation 

coupled to Electro-Chemical Detection (HPLC-ECD) (Filograna et al., 2015; 

Goldstein et al., 2013; Wey et al., 2012), as it allows singling out DOPAL from 

other catecholamines, based on its unique electro-chemical properties. In this 

frame, the next step would be to induce the accumulation of endogenous DOPAL 

in a pure dopaminergic cellular model by inhibiting the ALDHs enzymes, 

responsible for DOPAL degradation. Preliminary data in our hands, suggest that 

the treatment of BE(2)-M17 cells with Benomyl, a very potent irreversible ALDH 

inhibitor (Fitzmaurice et al., 2013; Koppaka et al., 2012), results in increasing 

DOPAL and decreasing DOPAC levels. As mentioned before, Benomyl has been 

identified as a risk factor for PD, and it presents other targets rather than ALDH 

inhibition, i.e. microtubule disruption and proteasome inhibition (Fitzmaurice et al., 

2013; Rathinasamy and Panda, 2006). Thus, we are currently setting up the same 

strategy by using other more specific ALDHs inhibitors (i.e. Aldi-2 (Khanna et al., 

2011), N,N-diethylaminobenzaldehyde (Morgan et al., 2015)), to modulate DOPAL 

build-up under more controlled and reproducible conditions. 

Finally, we still need a tool to selectively detect and quantify the DOPAL-modified 

αSyn in our experimental models, which is a challenge with the currently available 

methods. So far, the detection of catechol-modified proteins from cell lysates has 

been performed by SDS-Page followed by the staining with nitroblue tetrazolium, 

a redox-cycling dye for the detection of catechol adducts (Rees et al., 2007). 

Alternatively, the protein pull-down assay with aminophenylboronic acid resin 

allows the isolation of catechol-modified proteins from cell lysates (Liu et al., 2014; 

Plotegher et al., 2017), with the caveat that it also binds glycosylated proteins. 

More recently, the near Infrared Fluorescence scanning was applied to the 

detection and quantification of o-quinones in cells and tissues, as well as proteins 

modified by oxidized catechols (Burbulla et al., 2017; Jinsmaa et al., 2018; 

Mazzulli et al., 2016; Mor et al., 2017). Instead, our group is currently collaborating 

with Abcam for the development of a monoclonal antibody raised against DOPAL-

modified αSyn-derived peptides (Fig. S2 for details of epitope synthesis strategy) 

to specifically detect DOPAL-αSyn species in our models and experiments. 
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5.2 DOPAL impairs the cellular homeostasis: a synergy 

with αSynuclein? 
 

Starting from the observed DOPAL-dependent accumulation of αSyn aggregates 

in lysosomal compartment, even more pronounced in the presence of the 

proteasome inhibitor MG132, we wondered whether the cell is able to get rid of 

the DOPAL-αSyn toxic species and whether the functionality of the protein quality 

control systems was still functional. In this frame, we monitored the variations of 

the levels of the autophagic and proteasomal markers p62 and ubiquitin, 

respectively, in response to DOPAL. Although, the assessment of the failure of 

both protein degradation systems needs additional confirmations, the DOPAL-

dependent accumulation of high molecular weight ubiquitinated proteins and p62 

oligomerization were clearly detected. These observations are fascinating as 

aggregated αSyn, highly phosphorylated at Ser129, ubiquitin and p62 are the 

main constituents of LBs (Fig. 5.3) (Alafuzoff; et al., 2001; Kuusisto et al., 2003; 

Spillantini et al., 1998). Thus, a provocative speculation would be to appoint 

DOPAL as the linker of the phosphorylated and aggregated αSyn, ubiquitin and 

p62 co-deposition in LBs. 

 

 

 

 

 

 

 

 

Figure 5.3 αSyn, ubiquitin and p62 immunoreactivity in LBs.  

Adapted from Kuusisto et al., 2003. 
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p62 oligomerization has been demonstrated to occurs upon oxidation of p62 

cysteines, as a sensor of the redox state of the cell (Carroll et al., 2018). p62 

expression is under the regulation of the NF-E2-related factor 2 (Nrf2), which is 

activated in response to oxidative stress (Jain et al., 2010). Coherently, DOPAL-

induced oxidative stress is well recognized, giving its intrinsic propensity to auto-

oxidation and associated generation of ROS like other catechols. Of course, this 

could be fit within a positive feedback loop that includes mitochondrial dysfunction, 

the main source of ROS in PD (De Lazzari et al., 2017). Even though our focus 

was mainly aimed to the study of neuronal functional features like synapses, 

observing the EM images we collected on primary neurons in our CLEM 

experiments, we noticed several compromised mitochondria (fragmented, swollen 

and without clearly defined cristae) in the DOPAL-treated samples. This confirmed 

a more general impact of DOPAL in the cellular homeostasis, which includes all 

the main pathways considered relevant in PD-pathology. Interestingly, a very 

recently published paper highlighted complex I inhibition and mitochondrial 

dyshomeostasis in the presence of DOPAL-αSyn oligomers (Sarafian et al., 

2019). This is extremely relevant as it underlines an additional link among the 

most important players in the neurodegeneration of dopaminergic SNpc neurons 

according to the Catecholaldehyde hypothesis.  

αSyn has been appointed as the preferential target for DOPAL modification mainly 

because of its abundance at synapses and the presence of numerous lysines in 

its sequence. However, many other proteins can be targeted by DOPAL, leading 

to protein cross-linking (Plotegher and Bubacco, 2016). In this frame, both the 

observed ubiquitin and p62 accumulation and aggregation might result from a 

direct DOPAL modification of their several lysines and cysteines in their sequence.  

So far, we analyzed the DOPAL-induced effects on neurons and stable cells in the 

presence of the endogenous and the overexpressed αSyn. Future experiments 

will aim to dissect the specific contribution of DOPAL and αSyn (for example, by 

modulating the αSyn and DOPAL levels in a αSyn-null background) in the 

considered neurotoxicity read-outs, in order to really address the intriguing 

question about the potential synergistic effect of αSyn and DOPAL in driving the 

degeneration of the nigrostriatal neurons in PD. 
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5.3 DOPAL as potential on site target for therapy. 

 

As mentioned before, the therapeutic strategies currently available for PD are only 

symptomatic. Among them, MAO inhibitors have been used since the 1960s and 

many of them are currently FDA approved drugs, even though their long-term 

efficacy has been questioned. A potential drawbacks of MAO inhibition is the 

increased levels of cytosolic DA that might lead to decreased TH activity due to 

feedback inhibition. Conversely, if not properly stored in synaptic vesicles, DA 

undergoes auto-oxidation, resulting in oxidative stress (Goldstein et al., 2016). 

Anyway, if considered in the light of the Catecholaldehyde Hypothesis, the MAO 

inhibition approach sounds even more promising as it would block at least one 

source of DOPAL build-up (Masato et al., 2019). It follows that the potential of 

MAO inhibition as disease modifiers hinge on two aspects: the first is an accurate 

patient stratification as more prone to develop DOPAL build-up based on ALDHs 

dysfunction. The second is early action, being that the DOPAL build-up and the 

synaptic damage likely precede neuronal death and disease manifestation. 

Here, we propose an alternative strategy to target DOPAL neurotoxicity by 

scavenging the reactive aldehydes with an excess of tolerable molecules with an 

amino moiety, which would react in place of the protein lysines. Specifically, we 

explored a beneficial role of aminoguanidine and metformin, which are already 

used in the treatment of diabetic pathologies against the accumulation of AGEs. 

Our in vitro experiments demonstrated the biguanidine protective role in 

preventing DOPAL modification of αSyn lysines and DOPAL-induced αSyn 

oligomerization, leaving αSyn in its physiological state, which is essential for the 

protein to exerts its function at the synapses. On the other hand, both molecules 

appeared to ameliorate DOPAL-dependent alterations of the UPS and ALP in 

preliminary experiments. Of note, targeting the proteolytic pathways in 

neurodegenerative diseases is now in the spotlight in the therapeutics design. 

Of course, further investigations should address the pharmacology of biguanidines 

and the neuroprotective activity in PD, starting from in vivo models suitable to test 

the Catecholaldehyde hypothesis (Masato et al., 2019).  
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5.4 Conclusions. 

 

Our work contributed in shedding light on the hypothesis that an altered DA 

metabolism is detrimental, leading to αSyn-associated impaired proteostasis and 

neurodegeneration in PD. The working hypothesis (Fig. 5.4) starts from previous 

evidence of the DOPAL-induced αSyn oligomerization and resulting synapse 

dysfunction. Here, we demonstrated that DOPAL affects αSyn trafficking among 

the different neuronal compartments and decreases αSyn clearance. We also 

observed a potential impairment of the protein degradations systems, with high 

accumulation of ubiquitinated proteins and p62. Hence, we speculate that the 

DOPAL-dependent altered neuronal proteostasis, a fact that would fit with further 

αSyn accumulation (and eventually fibrillation), as well as general aberrant protein 

burden, results in the formation of LB inclusions in dopaminergic SNpc neurons. 

Finally, the overload of αSyn in MVBs together with blocked autophagy suggests 

the exosomal pathway as mechanism of αSyn oligomers release and spreading.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Working hypothesis.  
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In conclusions, we provided additional evidence of the role of DOPAL in the 

pathogenesis of PD and the higher vulnerability of dopaminergic SNpc neurons. 

Further investigations on both up-stream effectors as well as down-stream 

outcomes of DOPAL build-up are necessary. More likely, the combination of age, 

genetic predisposition and environmental factors are responsible for the 

dysregulation of several pathways, including DA metabolism, redox state 

homeostasis, αSyn and neuronal proteostasis (George and Brundin, 2017; 

Goldstein et al., 2014). Until the synergistic action of all these factors overcome 

the threshold and lead to the neurodegeneration in PD. Hence, in a therapeutic 

perspective, this is now translated into the idea of targeting multiple processes at 

the same time to increase the chances to develop a disease-modifying strategy. 

Since DOPAL appears as a crucial hub in all the affected pathways in PD, we 

suggest DOPAL itself as on-site target for therapy. 
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6.1 DOPAL-αSynuclein containing exosomes affect synapse 

architecture in recipient neurons. 

 

 

Figure S1. αSyn-containing exosomes affect synaptic vesicles pools in recipient neurons. 

Primary cortical neurons from wild-type and  αSyn knock-out (C57BL/6JOlaHsd) mice were 

incubated with αSyn-EGFP-containing exosomes (and relative controls). Exosomes were previously 

purified by ultracentrifugation from αSyn-EGFP or EGFP overexpressing HEK293T cells, after an 

overnight 100 µM DOPAL treatment. In each condition, pre-synaptic terminals were imaged by TEM 

(scale bar: 500 nm) and analyzed by LoClust tool. The active zones were identified as electron-

dense areas (red stars in the figures) and the synaptic vesicles were manually annotated. 

Incubation with αSyn-EGFP-containing exosomes (but not the controls) leads to a decreased 

vesicles per synapse and an increased distance from the active zone, especially with DOPAL. Of 

note, the effect is detected only in WT neurons, suggesting a relevant contribution of endogenous 

αSyn in worsening αSyn-induced alterations on synapse functionality. Berti et al., unpublished data. 
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6.2 Strategy set-up to generate αSynuclein-derived DOPAL-

modified peptides as epitope of an anti- DOPAL-modified 

αSynuclein antibody. 
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Figure S2. αSyn-derived peptide site specific modification by DOPAL obtained in solid-

phase peptide synthesis. (a) Reaction scheme of the DOPAL-modified peptide synthesis on Rink 

Amide PEGA resin. The Mtt protecting group on one lysine within the KTKEGV sequence, allows 

the site specific modification by DOPAL on the other one. Instead, the BOC group protects the N-

terminal amine in peptidyl resin during the Schiff base formation. The reduction with NaCNBH3 

stabilizes the covalent reaction between DOPAL aldehyde and lysine amine. (b) Molecular structure 

of the expected peptide with a lysine-specific modification by DOPAL, with a predicted molecular 

weight of 1524 Da. (c) RP-HPLC on Phenomenex Jupiter column (300 Å/5 μm, 250 mm × 4.6 mm) 

using linear gradients of eluent B in eluent A (A: 0.1% TFA in H2O, B: 0.08% TFA in ACN) of the 

crude reaction and the purified DOPAL-modified peptide. The predicted molecular weight was 

confirmed by mass spectrometry with MALDI TOF/TOF analysis. In collaboration with Michele 

Sandre and Peptide Facility – CRIBI of the University of Padova. 
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